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nucleation of vertical molecules, and (d) completion of vertical phase.  It 
should be noted that the binding groups in all cases are thiols, with red 
binding groups indicating chemisorbed molecules and blue representing 
physisorbed molecules.  This figure is adapted from those found in the 
literature.
46-47
 ................................................................................................. 10 
 
Figure 1.4 Generalized scheme for the reaction of a trialkoxysilane or trichlorosilane 
containing a spacer and terminal functional group (R) with a substrate 
terminated with surface hydroxyl groups.  Note that the linking group (X) can 
be either an alkoxy or halogen group.  This scheme shows the hydrolysis and 
condensation reactions that occur in solution as well as those that occur in 
order to covalently bind with the surface.  This figure is adapted from the 
literature.
56-57
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Figure 1.5 Representative examples demonstrating the impact that water content has on 
the ability of an organosilane to form a high quality monolayer.  In this 
example both chlorosilanes as well as alkoxysilanes are shown.  Figure 
adapted from those found in the literature.
55, 58
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Figure 1.6 Mechanism of phosphonic acid binding to Lewis acidic metal oxides (a) and 
poorly Lewis acidic metal oxides (b).  This figure demonstrates the varieties 
of binding modes that are possible and outlines what type of reaction is 
xxii 
 
occurring at each step.  This figure was adapted from those in the literature.
77-
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Figure 1.7 Schematic view of an AFM showing the principal components required for 
operation.  Image reproduced from the literature.
86
 ........................................ 20 
 
Figure 1.8 Schematic demonstrating the collection of phase imaging in tapping mode (a) 
and changes in phase oscillation when a probe comes into contact with 
different portions of the surface (b).  Image modified from the literature.
86
 .. 21 
 
Figure 1.9 Representative examples of AFM topography (left) and phase (right) images 
showing the features present on a spin coated film of a styrene-butadiene-
styrene block copolymer. ................................................................................ 22 
 
Figure 1.10 Schematic diagram of a typical XPS instrument (a) showing the main 
components as well as the ability to translate (φ) and tilt (ϑ) the sample 
relative to the X-ray source along with typical spectra acquired by XPS for 
some representative elements (b).  Images are modified from Jacobs.
94
 ........ 23 
 
Figure 1.11 Example of peak separation observed in XPS due to non-equivalent atoms.  
The above is the spectrum of the C 1s peak for pentafluorobenzylphosphonic 
acid on the surface of ITO.  The spectrum shows the presence of two main 
peaks with the peak originating from the C-F bonded atoms at higher binding 
energy due to the electronegative nature of fluorine, removing electron density 
from the adjacent carbon and thus decreasing the kinetic energy of electrons 
removed from the C 1s orbital.  Both C-C and C-P bonds appear at similar 
binding energies and carbonaceous carbon originates from environmental 
contaminants on the surface. ........................................................................... 24 
 
Figure 1.12  Band diagram showing the excitation of a core level electron at an energy of 
EB2 by a photon of energy hν.  The electron then travels to the analyzer where 
it is detected as a peak in the spectrum which is schematically shown to occur 
at a kinetic energy of EK2.  In XPS, the Fermi level is used as the reference 
point and energy units are commonly shown in Binding Energy (BE) rather 
than the Kinetic Energy that is directly detected by the analyzer.  The bottom 
equation shows how BE is obtained from the X-ray photon energy (hν), work 
function of the analyzer (WFanalyzer) and the excess kinetic energy of the 
excited electron at the analyzer (KEanalyzer), which are all expressed with 









Figure 1.13 Example spectra of bare ZnO obtained from UPS analysis with important 
features noted.  Both the work function (ϕ) and valence band maximum 
(EVBM) are directly determined from the spectra as shown; ϕ = (He I Source 
Energy) – (Secondary Electron Edge) and EVBM = (Valence Band Maximum) - 
EF.  The intensity of the Secondary Electron Edge comes from inelastically 
scattered electrons that have escaped to vacuum, but lost energy in the 
process............................................................................................................. 27 
 
Figure 1.14 Schematic diagram for the principle of KP.  Two materials with different 
WFs (a) are brought into contact with one another (b) causing Fermi level 
alignment.  A nulling potential is applied and at the charge free point the 





 .................................................................... 29 
 
Figure 1.15 Schematic showing the external reflection method used in IRRAS of a 
generic monolayer deposited on a highly reflective gold substrate.  The angle 
of incidence relative to the surface normal, θ, is typically 80°. Image adapted 
from Brune.
85
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Figure 1.16 IRRAS spectra of octradecylphosphonic acid modified ZnO
106
 (left) and 
ITO
79
 (right).  In the case of the ITO surface the top spectrum is the powder 
form of the phosphonic acid while the lower spectrum was collected by 
IRRAS.  The inset for both ZnO and ITO highlight the C-H vibrational 
regions. ............................................................................................................ 32 
 
Figure 1.17 Two common measurement modes for NEXAFS, transmission (left) and 
electron yield (center).  In transmission mode the intensity is dependent on the 
thickness of the sample being used (t), and in electron yield the intensity is 
dependent on the sampling depth (inelastic mean free path) of the X-rays (L).  
Image adapted from Stöhr.
107
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Figure 1.18 Comparison of XPS (left) and NEXAFS (right) spectra for a generic polymer 
containing carbon, oxygen, nitrogen, and fluorine.  Peaks labelled on the 
bottom of the XPS data are Auger peaks and originate from Auger electrons 
as discussed below (image reproduced from literature).
107
  Note the energy 
scale for XPS is in kinetic energy while the scale for NEXAFS is in photon 




Figure 1.19 Schematic energy diagram for the absorption of an X-ray by a sample and the 
subsequent radiative and non-radiative decay processes that can occur when 
the resulting hole is filled.  When the hole is filled radiatively there is a 
resulting fluorescence observed and when the hole is filled non-radiatively 
there is the emission of an Auger electron.  In the case of low molecular 
weight molecules (such as surface modifiers) the Auger electron yield far 
surpasses that of the fluorescence yield.
109
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Figure 1.20 Example of the angular dependence of NEXAFS data due to the use of a 
polarized synchrotron light source for the case of benzene on silver.  The 
benzene molecular orbitals have π-orbitals that are out of plane of the ring and 
σ-orbitals that are in the same plane as the benzene ring (left).  
Experimentally, when the X-ray electric field vector is parallel to these 
molecular orbitals they are selectively excited as observed in the resulting 
spectra.  Sweeping over a range of angles allows for the determination of 
molecular orientations on the surface.
107
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Figure 1.21 Experimental NEXAFS data for phenylphosphonic acid on the surface of 
IZO collected at angles between 20° and 90° (left).  The molecules on the 
right schematically demonstrate the angular dependence of the orbitals being 
excited based on the incident angle of the X-ray source.  As can be readily 
observed, as the angle of incidence increases from 20° to 90° the intensity of 




Figure 1.22 Image showing band diagrams for an ITO electrode and a generic hole 
transporting layer before contact, with a barrier to hole injection into the HTL 
given as ΔEhole (left).  When the two materials are in contact the Fermi levels 
align with one another (center).  The barrier to hole injection after contact 
(ΔEhole) is still rather large.  A surface modifier with a dipole (such as a 
phosphonic acid) is used to modify the surface of the ITO (right).  The 
modified ITO and HTL surfaces are now brought into contact with one 
another and because the WF of the ITO has been increased by the modifier, 
the barrier to hole injection has been greatly diminished.  Image adapted from 
Hotchkiss.
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Figure 2.1  Mechanism of the Arbuzov reaction using an alkylbromide and 
triethylphosphite.  The product of the reaction is the desired phosphonate and 




Figure 2.2  Hydrolysis mechanism for the formation of a phosphonic acid from a 
diethylphosphonate through the use of bromotrimethylsilane. ....................... 60 
 
Figure 2.3  Thiophene based phosphonic acids designed for compatibilization and 
infiltration of P3HT with nanoporous titania.  Note that new compounds are 
denoted in blue. ............................................................................................... 63 
 
Figure 2.4  Phosphonic acids synthesized for use as a monolayer gate dielectric in OFET 
devices, consisting of a long alkyl chain to serve as a dielectric layer and 
fluorinated aryl termination for favorable interactions with aromatic 
overlayers.  Note that new compounds are denoted in blue. .......................... 64 
 
Figure 2.5  Perylene diimide phosphonic acid and carboxylic acid surface modifiers used 
to probe charge transfer on the surface of transparent conducting oxides. ..... 66 
 
Figure 2.6  Aryl, alkyl, benzyl, and fluoroalkyl phosphonic acids synthesized for the 
purpose of altering the WF of metal oxides and enhancing wettability of 
organic overlayers on the modified surfaces. Note that new compounds are 
denoted in blue. ............................................................................................... 68 
 
Figure 2.7  Summary of molecules synthesized for use in Thermochemical 
Nanolithography (alkoxysilane) and covalently binding polymer materials to 
the surface of a substrate (chlorosilane and phosphonic acid). ....................... 69 
 
Figure 2.8 General scheme for the crosslinking of a generic polymer chain to the surface 
of a metal oxide upon exposure of a benzophenone phosphonic acid to 
irradiation.  The same principle is also true in the case of the chlorosilane, 
only the substrate (silica or silicon in this case) would be different. .............. 70 
 
Figure 2.9  Expected decomposition products upon heating the alkoxkysilane containing 
the DDz protecting group................................................................................ 71 
 
Figure 3.1 Schematic energy-band diagram for ITO films.  The valence band originates 
from the O 2p orbitals with the In 5s orbitals making up the conduction band.  
The In 3d band is also shown for reference and it lies below that of the O 2p.  
VO symbolizes oxygen vacancies, which already have a low barrier to 
conduction.  The addition of tin doping adds additional donor levels.  Image 
adapted from the literature.
1




Figure 3.2 Schematic representation of tethering by aggregation and growth.  Image 
adapted from the literature.
23
 ........................................................................ 147 
 
Figure 3.3 Schematic representation of phosphonic acids with molecular dipoles pointing 
toward and away from the surface (top).  Shown is a generalized variation in 
the electrostatic potential caused by the dipole present in the phosphonic acid 
between the surface of the solid and vacuum.  Electrostatic potentials adapted 
from Appleyard.
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Figure 3.4 Summary of benzyl phosphonic acids used throughout the study along with the 
abbreviations for each molecule that will be used throughout the chapter. .. 160 
 
Figure 3.5 Calculated dipole moments for analogous substituted toluene derivatives as 
calculated from Spartan.  Note that the dipole moments in red correspond to 
the value for the vector shown with each compound.  The values in blue 
correspond to the magnitude of the projection of the dipole moment onto the 
C1 – C4 axis in the molecule.  This axis is explicitly labelled for the first row 
and follows the sign convention outlined below........................................... 162 
 
Figure 3.6 Dipole moment convention used for tolyl compounds and phosphonic acids 
throughout this chapter.  Note that the sign convention follows the dipole sign 
farthest away from the surface.  That is the negative end points away from the 
surface then there is a negative dipole moment and when the positive end 
points away from the surface, a positive dipole moment is obtained. .......... 163 
 
Figure 3.7 Comparison of ITO used in this study (supersmooth ITO) with more 
commonly used “rough” ITO (Colorado Concepts).  The top images are both 
5 micron scales and the bottom image is a 1 micron area of the supersmooth 
ITO obtained directly from the center of the 5 micron image. ..................... 165 
 
Figure 3.8 (Left) Bulk In2O3 unit cell with the (222) plane highlighted.  (Right) Top view 
of hydroxyl terminated ITO (222) surface slab as optimized by DFT level of 
computation.  The unit cell is indicated by the boundary box.  Tin 
substitutions were randomly distributed over cationic positions in the slab.  
The unshaded polyhedral indicate chemically active surface sites including 
under-coordinated metal ions and surface hydroxyl groups.  Image modified 
from the literature.
71




Figure 3.9 Comparison of XPS survey spectra for DSC followed by plasma, DSC, DSC 
followed by plasma cleaning and immersion in ethanol, and PFBPA modified 
ITO.  The core level peaks have been labelled for convenience.  Note the lack 
of fluorine in the spectra without the phosphonic acid and the drastic changes 
observed in the carbon peak intensity.  Note spectra have been normalized and 
offset for clarity............................................................................................. 170 
 
Figure 3.10 Comparison of C 1s peaks for 2-CF3BPA, 3-CF3BPA, and 4-CF3BPA.  
Spectra have been normalized and offset for clarity.  Note the drastic 
difference in intensity for the CF3-Ph peak between the 2-CF3BPA and 2,6-
CF3BPA compared with both 3-CF3BPA and 4-CF3BPA. ......................... 172 
 
Figure 3.11 Comparison of C 1s peaks for 2-FBPA, 3-FBPA, 4-FBPA, and 2,6-F2BPA.  
Spectra have been normalized and offset for clarity.  As opposed to what was 
observed in Figure 3.10 similar spectral features are observed for all three of 
the monosubstituted phosphonic acids.......................................................... 173 
 
Figure 3.12 Visual comparison of molecular footprint for each phosphonic acid on ITO 
ordered in increasing size from left to right, top to bottom.  The red 
background box serves as a reference point to the phosphonic acid with the 
largest footprint, 2,6-CF3BPA and the blue box shows the size of each 
phosphonic acid in relation to this reference point. ...................................... 177 
 
Figure 3.13 Visual comparison of absolute coverage for each phosphonic acid on ITO 
ordered in increasing coverage from left to right, top to bottom.  The 
molecular footprints from Figure 3.12 to show the relationship between 
coverage and footprint, with the smallest coverage being 2,6-CF3BPA. ..... 177 
 
Figure 3.14 Graph comparing the absolute coverage values for monosubstitued fluoro and 
trifluoromethyl benzyl phosphonic acids as a function of substitution position.
....................................................................................................................... 179 
 
Figure 3.15 Comparison of experimental UPS data for the modified and control surfaces.  
Shown at left are the SEE spectra with the corresponding WF value shown in 
the table to the right.  Values are obtained from an average of at least 5 spots 
on each substrate and standard deviation is the variation in WF from spot to 
spot.  Graphs have been normalized and offset for clarity.  Note that the 
graphs and table are ordered in increasing WF value, bottom to top and the 
dashed lines represent the extreme values to highlight the differences in SEE 




Figure 3.16 Comparison of experimental VBM data for the modified and control 
surfaces.  Shown at the left are the UPS spectra highlighting the VBM region 
and the corresponding numerical values are provided in the table to the right.  
Values are obtained from an average of at least 5 spots on each substrate and 
standard deviation is the variation in WF from spot to spot.  Graphs have been 
normalized, offset and match the ordering of Figure 3.15 for clarity.  The 
dashed lines represent the extreme values of 3,5-F2BPA and ethanol soaked 
ITO to highlight differences in VBM. .......................................................... 182 
 
Figure 3.17 Energy-level diagram comparing the WF and VBM of different surfaces and 
modifiers with respect to DSC ITO.  Data shown was collected by UPS.  Both 
ΔWF and ΔVBM show the change occurring relative to DSC ITO.  The 
interface dipole contribution originates from the sum of the change in WF and 
the change in VBM.  Fermi levels are aligned.  It should be noted that ITO is a 
degenerate n-doped semiconductor that has its Fermi level inside of the 
conduction band within the bulk,
1
 however, the electrons that are detected by 
UPS originate from less than 1 nm below the surface.
5
  In this regime, the 
Fermi level is below that of the conduction band and the conduction band is 
not shown in this diagram as UPS data does not provide information regarding 
its position.  All values are reported in eV. ................................................... 184 
 
Figure 3.18 3-dimensional plot comparing WF values from UPS (x), with absolute 
coverage (y), and the contribution of the interface dipole to the WF change (z).  
Data points are labelled according to colors and are consistent with the color 
convention for the UPS data shown in 3.8.1. ................................................ 186 
 
Figure 3.19 3-dimensional plot comparing WF values from UPS (x), with absolute 
coverage (y), and the shift in VBM relative to DSC ITO (z). Data points are 
labelled according to colors and are consistent with the color convention for 
UPS data shown in 3.8.1. .............................................................................. 186 
 
Figure 3.20 ITO unit cell utilized in DFT calculations showing side (left) and top-down 
(right) views of BPA bound to the surface of the ITO.  Shown are the four 
binding sites that were used in the calculations.  Image courtesy of Alexander 
Hyla. .............................................................................................................. 187 
 
Figure 3.21 Comparison of change in WF values relative to DSC ITO for UPS and bare 
ITO for DFT, as determined by DFT calculations and by UPS experimental 
data as a function of calculated dipole moment for each phosphonic acid.  The 
xxix 
 
overall trends between experiment and theory are quite good.  Error bar for 
UPS data originates from standard deviation over multiple spots analyzed and 
highlighted data points correspond to those discussed in the text above. ..... 190 
 
Figure 3.22 Generic phosphonic acids on the surface of ITO.  Phenyl, alkyl, and benzyl 
phosphonic acids are shown to illustrate the differences in how the angle α is 
measured.  Incident X-rays strike the surface at an angle θ.  The angle α is 
formed between the transition dipole moment and the surface normal.  In the 
case of the alkyl phosphonic acid, the transition dipole moment is along the 
axis of the chain, but in the case of phenyl and benzyl phosphonic acids this 
dipole is normal to the benzene ring.  Thus, the angle reported is that of the 
benzene ring with respect to the surface normal.  Note that benzyl phosphonic 
acids have an extra degree of rotational freedom (φ) that is not present in 
phenyl phosphonic acids.  Image courtesy of Matthew Gliboff. .................. 192 
 
Figure 3.23 Carbon edge NEXAFS TEY spectra for BPA and PFBPA.  Phenyl 
phosphonic acid (PPA) is shown for reference since that tilt angle has been 
previously determined.
49
  All spectra were acquired at an incidence angle of 
55°.  Note the large decrease in the C=C π* feature for PFBPA relative to 
BPA and PPA, and the prominent C-F σ* transition.  Image courtesy of 
Matthew Gliboff............................................................................................ 192 
 
Figure 3.24 Results of the angle α for benzyl phosphonic acids on the surface of ITO as 
obtained experimentally from NEXAFS data compared with the results 
calculated at the DFT level of theory.  The magic angle (54.7°) is also 
highlighted since at values of α close to this angle the tilt angle of the 
molecules is indistinguishable from random orientations.  At this tilt angle, the 
angle of incidence of the source X-ray radiation no longer impacts the 
intensity of the observed transitions.
74
  NEXAFS data courtesy Matthew 
Gliboff and DFT data courtesy Alexander Hyla. .......................................... 195 
 
Figure 3.25 Summary of tilt angles obtained from theory for BPA and PFBPA at different 
sites on the unit cell of ITO and at different coverage concentrations.  Data 









.  Binding sites correlate 
with those shown in Figure 3.20.  Data courtesy of Alexander Hyla. .......... 197 
 
Figure 3.26 3-dimensional plot showing the relationship of experimentally determined 
values for changes in the WF of ITO (x) based on the substitution of the 
benzene ring, and how this relates to the absolute coverage (y) and orientation 
xxx 
 
(z) of the modifier on the surface of ITO.  Blue drops lines were added to 
better aid in observing coverage values on the plot. ..................................... 200 
 
Figure 4.1 Position of Zn and O atoms in the ZnO würtzite crystal lattice.  Figure has 
been adapted.
24
 .............................................................................................. 219 
 
Figure 4.2 Schematic band diagram for energy levels of intrinsic defects present within 
ZnO.  The Zni and VO states are donors and the VZn states are acceptors.  
Figure adapted from those found in the literature.
22, 25
 ................................. 220 
 
Figure 4.3 Schematic representation of a complete ALD cycle for the deposition of ZnO 
starting from diethyl zinc and water with ethane gas as a side product.  A bare 
substrate is introduced into the ALD chamber, a precursor gas (diethyl zinc) is 
subsequently introduced, the chamber is purged.  Water is then introduced 
reacting with the diethyl zinc, the chamber is purged again leaving behind 
solid zinc oxide.  The cycle is then repeated n times until the desired thickness 
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Figure 4.4  Phosphonic acids chosen for the modification of ZnO and ITO.  The focus 
was on the use of phosphonic acids containing molecular dipoles that would 
be anticipated to create a decrease in the WF of the surface (2,6-F2BPA, 2,6-
CF3BPA, ABPA, DABPA, DMABPA, MeOBPA) along with molecules that 
would also increase the WF as a control (NO2BPA and PFBPA). .............. 227 
 
Figure 4.5  Comparison of F 1s/C 1s atomic ratios for the modification methods outlined 
in Table 4.2 for 2,6-F2BPA and 2,6-CF3BPA.  Methods 4 and 5 do not have 
atomic ratios given as the method etched away ZnO from the underlying 
substrate leaving glass behind.  The expected ratios originate from the F/C 
ratio found in the individual molecules. ....................................................... 230 
 
Figure 4.6  XPS survey spectra for freshly plasma cleaned ZnO and the surface after 2,6-
F2BPA had etched away the majority of ZnO.  Data for this comparison was 
acquired using modification technique 4 and while there are small peaks left 
for Zn (and loss of Zn Auger peaks) the vast majority has been etched away 
leaving behind a small amount of phosphonic acid (evidenced by F 1s peak) 
and exposing the underlying glass substrate (Na 1s peak).  Spectra have been 




Figure 4.7  Comparison of tapping-mode AFM images of ALD ZnO (left) and smooth 
ITO (right).  In both cases 5 µm × 5 µm images are shown at the top and 1 µm 
× 1 µm are shown at the bottom with values for RMS roughness also 
provided.  Note the differences in the height scales between the two 
substrates, which was necessary so as to not obscure all of the topographic 
features present on the ITO samples. ............................................................ 232 
 
Figure 4.8  Comparison of KP data showing WF changes relative to a bare ZnO substrate 
after modification.  In this instance, method 3 from Table 4.2 was used for the 
modification meaning that the substrates were soaked in 10 mM phosphonic 
acid solutions overnight (either with or without a plasma pre-treatment) and 
then subsequently either washed with TEA or not post-modification.  WF 
values are the average of at least 5 spots on each substrate.  An HOPG 
substrate was referenced and measured multiple times over the course of data 
collection to ensure instrumental consistency over the time scale of the 
experiment..................................................................................................... 234 
 
Figure 4.9  Comparison of three phosphonic acid modifiers examined under low/high 
concentration (1/10 mM) and short/long modification times (24/48 h).  In the 
case of the 10 mM, 48 h modification for 2,6-F2BPA complete etching of 
ZnO was observed.  Duplicate samples were analyzed to demonstrate the 
variability observed in WF changes, particularly at higher 
concentrations/longer modification times. .................................................... 235 
 
Figure 4.10  Comparison of transmission IR of PFBPA and DABPA powders (left) with 
the IRRAS data collected for ALD ZnO deposited on a gold surface for 
enhanced reflectivity and modified with either PFBPA or DABPA (right).  
Spectral features are highlighted and labelled in both cases. ........................ 237 
 
Figure 4.11 Comparison of AFM images at spot sizes of 1 µm × 1 µm and 5 µm × 5 µm 
for bare, plasma cleaned, and 10 mM phosphonic acid modified ALD ZnO.  
When possible, vertical scales were attempted to be maintained constant 
within a given image size (1 µm or 5 µm). ................................................... 240 
 
Figure 4.12 Comparison of AFM images of spot sizes 1 µm × 1 µm (left) and 5 µm × 5 
µm (right) for bare, plasma cleaned, and 1 mM phosphonic acid modified 
ALD ZnO.  When possible, vertical scales were attempted to be maintained 
constant within a given image size (1 µm or 5 µm) and with those images 
shown in Figure 4.11.
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Figure 4.13  Comparison of WF values for phosphonic acid modified ITO and ZnO.  All 
surfaces were modified using 10 mM solutions of phosphonic acid overnight, 
followed by a bake at 140 °C and a rinse with a solution of 5 % TEA in 
ethanol.  Etching was not observed for these surfaces of ZnO.  UPS data (left) 
is the average over 7 spots on each surface and KP data (right) originates from 
the average of 5 spots on each surface.  The same surfaces were used during 
the measurements, first measuring with KP then by UPS. ........................... 247 
 
Figure 4.14  AFM comparison of ZnO before (top) and after (center) spin-coating a 10 
mM solution of 2,6-F2BPA on the surface.  Subsequent washing with an 
ethanolic solution of TEA does seem to remove the multilayers (bottom), but 
affords irregular WF values.  Scan sizes of 1 µm × 1 µm (left) and 5 µm × 5 
µm (right) were obtained and the RMS roughness values (averaged over 3 
spots on each surface) are also provided....................................................... 250 
 
Figure 4.15 XPS survey comparison of ZnO before and after spin-coating 2,6-F2BPA as 
well as after washing with a solution of TEA.  Note the near loss of Zn Auger 
peaks after the spin coating stop and the presence of the large P2s peak, which 
then decreases after the TEA wash, but is still far more apparent than in a 
typical monolayer of phosphonic acid. ......................................................... 251 
 
Figure 5.1 Schematic band diagram of doping in a semiconductor, showing the case of an 
intrinsic semiconductor (e.g. silicon) without any impurities (undoped, left), 
with donor impurities (n-doped, e.g. phosphorus, center), and with acceptor 
impurities (p-doped, e.g. boron, right).  Image adapted from Sze.
4
 .............. 266 
 
Figure 5.2  Examples of p- (top) and n- (bottom) dopants that have been used to treat the 
surfaces of various types of substrates including metals, metal oxides, and 
graphene.  Also provided are the abbreviations used throughout the text. ... 269 
 
Figure 5.3  Redox-active metal-organic species recently examined by the Marder group 
for p- (top) and n-doping (bottom).
8-9, 33-34
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Figure 5.4 The two mechanisms by which electron transfer occurs using [RhCpCp*]2 as 
an example.  The first step can either be the dissociation of the dimer 
(mechanism I) or electron transfer from the dimer to the acceptor (mechanism 
II).  Mechanisms adapted from Guo.
8, 35




Figure 5.5  Summary of p- and n-dopants that were used in the treatment of ITO, ZnO, 
and gold surfaces.  Abbreviations for these materials are also provided. ..... 275 
 
Figure 5.6 Electrochemical potentials for materials investigated in this chapter as well as 
for materials previously used in the literature to treat surfaces.  The solvent in 
which the electrochemical data was collected is noted.  In the case of the n-
type dimer materials, the oxidation of the dimer [M]2 and the more reactive 
monomer [M
+
/M] are shown.  Also shown is the thermodynamic estimate of 
doping strength, Eeff(M
+
/0.5M2),  as afforded from Equation 3.3 based on 
electrochemical data and DFT calculations (two values are reported for 
[IrCpCp*]2 as the dominant isomer and the minor isomer afford slightly 
different values for both dimer oxidation and effective oxidation.
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  In the case 
of p-type materials, only first reduction potentials are reported.  All potentials 
reported are vs. the ferrocenium/ferrocene (Fc
+
/Fc) couple. References for 
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Figure 5.7 Comparison of survey spectra obtained by XPS.  Spectra shown are for an ITO 
sample that was initially detergent solvent cleaned and subsequently 
immersed in a 2 mM solution of [IrCpCp*]2 in anhydrous toluene for 1 h.  
Important core ionizations are labeled.  Spectra have been normalized and 
offset for clarity............................................................................................. 279 
 
Figure 5.8 Comparison of high-resolution spectra obtained by XPS in the region where Ir 
4f ionizations typically occur.  These high resolution spectra correspond to the 
same sample used to obtain Figure 5.7.  Note that there is no Ir present on the 
surface of ITO prior to treatment with [IrCpCp*]2.  Spectra have been 
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Figure 5.9 XPS high-resolution Ir 4f spectra (shown are the Ir 4f5/2 and 4f7/2 peaks) 
comparing DSC ITO that was treated for either 60 s or 1 h with a 2 mM 
solution of [IrCpCp*]2 in anhydrous toluene.  Also shown is a DSC ITO 
sample onto which was drop-cast a thick film of [IrCpCp*]2 from a 
concentrated solution in anhydrous toluene.  There is good agreement between 
the high binding energy shoulders present in the thick film, correspond with 
what is observed for the solution soaked samples, thereby indicating the 
presence of monomer cation on the surface after treatment.  The structure of 
[IrCpCp*]2 and its monomer cation form are also shown, and the labeled 
oxidation states color coded to correspond with the structures shown (inset).  




Figure 5.10  Monomer cation of [IrCpCp*]2 as a space-filling model in a close-packed 
geometry (represented by the red line).  The radius of the molecule is shown 
in yellow and the centroid-to-centroid distance is shown in peach.   The area 
formed by the light green shaded rhombus best represents the molecular 
footprint, taking into account the hexagonal packing that is shown. ............ 284 
 
Figure 5.11  XPS survey spectra for DSC ITO and ITO after treatment in 2 mM solutions 
of [RuMesCp*]2 and [RhCpCp*]2 for 60 s or 10 s, respectively.  Note in the 
case of the Ru dopant, the Ru 3d peak occurs in the same area as the peak 
originating from C 1s.  Also note that in the case of the Rh dopant, there are 
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 This thesis focuses on the use of surface modifiers to tune the properties of both 
metals and metal oxides.  Particular attention is given to examine the modification of 
transparent conducting oxides (TCOs) including indium tin oxide and zinc oxide both 
through the use of phosphonic acids as well as organic and metal-organic dopants.  In this 
thesis a variety of known and new phosphonic acids are synthesized.  A subset of these 
molecules are then used to probe the relationship between the ability of a phosphonic acid 
to tune the work function of ITO and how that interrelates with the coverage and 
molecular orientation of the modifier on the surface.  Experimental techniques including 
XPS, UPS, and NEXAFS are coupled with theoretical DFT calculations in order to more 
closely examine this relationship. 
 Literature surrounding the modification of zinc oxide with phosphonic acids is not 
as prevalent as that found for the modification of ITO.  Thus, effort is placed on 
attempting to determine optimal modification conditions for phosphonic acids on zinc 
oxide.  As zinc oxide is already a low work function metal oxide, modifiers were 
synthesized in an attempt to further decrease the work function of this substrate in an 
effort to minimize the barrier to carrier collection/injection.  Etching of the substrate by 
phosphonic acids is also examined. 
 In a related technique, n- and p-dopants are used to modify the surfaces of ITO, 
zinc oxide, and gold and it was found that the work function can be drastically altered,  to 
approximately 3.3 – 3.6 eV for all three of the substrates examined.  Surface reactions are 





INTRODUCTION AND BACKGROUND INFORMATION 
 
 
 This chapter is intended to inform a reader unfamiliar with the topic of surface 
science (especially the modification and characterization of surfaces) prior to delving into 
the body of the thesis.  The overarching theme of this thesis is the design of surface 
modifiers, their use in the modification of metal oxides, and characterization of the 
resulting modified surfaces with the goals understanding how surface modifiers bind at 
the interface and how these modifiers alter the work function of the substrate.  Before 
getting into the details surrounding the experimental results in later chapters, this chapter 
begins by first introducing the broad concept of surface science and placing it in an 
historical context.  Subsequently, focus then turns to the particular subset of surface 
science involving the use of monolayers.  Since there are a wide variety of binding 
groups available, section 1.2.2 discusses the most commonly used types of modifiers, as 
well as provides some comparison as to the use case of each modifier. 
 Central to the study of surfaces is the use of analytical techniques to characterize 
the surface subsequent to modification since, while there are some macroscopic 
properties that can be observed upon modification, the vast majority of changes require 
techniques that can probe down to the molecular level of detail.  Techniques to examine 
the topography, elemental composition, molecular tilt angle, and changes in surface 
energetics are detailed in 1.4.  A discussion regarding energy levels, work function, band 
diagrams, and how these relate with surface modification is also provided.  This 
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knowledge is central to understanding the changes in work function that are occurring 
after surface modification, which is an important aspect of this thesis.        
1.1 Surface Science  
 The study of surfaces and interfaces encompass both the boundary between a 
material and the environment surrounding it as well as the interactions that can take place 
between the surface and the environment.
1
  Over the past several decades, the 
examination of surfaces has seen a marked increase both in knowledge about surface 
chemistry as a whole and the development of techniques for surface analysis and 
modification.
2-5
   As will be discussed below there are both scientific and technical 
reasons that have spurred increased interest in surface science, but from a more practical 
standpoint surface science and chemistry at the surface has become an important aspect 
to everyday life.  In fact, it has become so commonplace for surfaces to be modified and 
tuned that the average consumer now expects anti-fog lenses for their glasses,
6-7
 smaller 
and faster microprocessors, waterproof mobile electronics devices,
8
 and safe, long lasting 
batteries.
9
  All of these technologies and many more rely on altering the natural 
properties of a given surface to enhance their utility for a particular application. 
1.1.1 The Study of Surface Science – A Historical Perspective 
 The study of surface science can be broadly defined as the exploration of the 
atomic arrangements and chemical compositions that occur at the surfaces of condensed 
matter.  This definition can then be further extended to include examining the theory and 
observation of the chemical, mechanical, and electronic properties of these materials.
10
  
While the observation of the physical properties that are associated with condensed 
matter have been studied since the time of antiquity,
11
 one of the earliest written records 
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of such an observation comes from the time of the Akkadian empire under the rule of 
Hammurabi.  A portion of this text is shown in Figure 1.1 and discusses what the ancient 
Greeks would later call the practice of lecanomancy, or the art of divination by 




Figure 1.1 Portion of cuneiform writing discussing divination through the art of 
lecanomancy.
13
  This section of the tablet in particular discusses the spreading of oil on 
water and describes actions that would be taken by Hammurabi’s army or outcomes of 
the sick and dying based on the interaction of these two fluids.  Tabor provides a 
complete translation of this portion of the text in his article.
12 
 
  Studies of surfaces continued throughout history, but the actual science of 
surfaces began closer to the 19
th
 century.  Important examples in the history of this 
science include examples such as Faraday’s study of the reaction of hydrogen and oxygen 
at well below their normal combustion temperature in the presence of platinum (which 
later was recognized as catalytic action by Jöns Berzelius).
14
 Karl Ferdinand Braun 
observed that conduction of current through a sandwich of copper and iron (II) sulfide 
deviated from Ohm’s law and posited that the asymmetrical resistance must originate at 
the interface of the metal and metal oxide.
11, 15
 Yet, while the aforementioned discoveries 
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were important, it was the efforts of Irving Langmuir who provided the true momentum 
that eventually led to the widespread recognition of surface science as a discipline unto 
itself.  Langmuir examined a broad range of topics related to surfaces and phenomena 




 In addition to scientific breakthroughs, surface science was also aided in 
becoming its own field of study by the technical advancement of commercially available 
ultra-high vacuum (UHV) systems.
18
  While the history of vacuum pumps dates back to 
the mid-1600s,
19-21
 it was not until the 1950s that it started to become possible to achieve 
pressures below 10
-8
 Torr (pressures below this threshold are commonly used in 
instrumentation that relies on UHV today).
22
  Overcoming this technical limitation 
allowed for the production of atomically clean surfaces and also provided an environment 
in which surface studies could be conducted with negligible molecular contaminants from 




1.1.2 The Importance of Surface Cleanliness 
 As mentioned above, UHV allows for the formation of ultra-clean surfaces, but 
not all manipulations that need to be done with a given surface can occur under UHV 
conditions.  Thus, a tremendous amount of research and development has gone into the 
removal of contaminants from the surface and the eventual production of clean 
surfaces.
23
  Each type of surface has its own particular cleaning protocol that is 
determined by the properties of the surface, the likely contaminants present prior to 





 can differ greatly from those used to clean silicon
26-27
 and 
preparing a clean surface for nanoscale architectures (typically the removal of small 
particles and film-like contaminants) can differ from preparation of a sterile surface for 
biological studies (removal of microbial contaminants).
23, 28
 
 While utilizing a cleaning technique, however, it is critically important to keep in 
mind that the cleaning protocol itself can lead to not only a removal of surface 
contaminants, but also changes to the underlying substrate.
29
  One example of this is 
changes to the roughness of a silicon-based substrate depending on whether wet or 
gaseous cleaning protocols are used.
30
  Another example is changing the level of surface 
hydroxyl groups present and thus altering the hydrophobicity/hydrophilicity of a substrate 
such as indium tin oxide (ITO), thereby increasing or decreasing the ability of a modifier 
to bind to the surface.
31-32
 
1.2 Surface Modification with Monolayers 
 As previously mentioned an important aspect to surface science is the ability to 
tune the interface of a material in order to allow the substrate to exhibit more desirable 
properties (for instance better wetting or the mitigation of film delamination).  Achieving 
this goal has often been accomplished in the literature by the deposition of ultra-thin 
films on the substrate.  Such an ultra-thin film can be anywhere from a sub-monolayer 
amount of molecules on the surface to multiple layers of a material.  The focus of this 
thesis (as well as a vast amount of literature) is on the use of a single layer of molecules 
(or less in some cases) adsorbed to the surface of the substrate.  This single layer of 
adsorbates on the surface can significantly alter the interfacial properties of the pristine 
surface.  Thus, through careful molecular design it is possible to produce a layer of 
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molecules that can minimize surface aggregation, alter surface wetting, serve as an 
electrically insulating or conducting layer, or even provide corrosion resistance.
33
 
 In order to make judicious decisions regarding molecular design, it is first 
necessary to understand the basic components of a monolayer.  Monolayers at the surface 
are generally broken down into three distinct components, as can be seen in Figure 1.2.  
These different parts of the molecule are the head group (binding group), the spacer, and 
the terminal functional group or tail.  The head or binding group is the portion of the 
molecule that serves as the bridge between the substrate and the rest of the molecular 
structure.  This group can be linked to the surface through simple physisorption, but 
typically chemisorption is preferable in order to make a more robust monolayer (for more 
on this distinction see 1.2.1), and the selection of this binding group will be discussed in 
greater detail in 1.2.2.  The spacer group serves multiple purposes, the most important of 
which is determining the physical separation between the substrate and the potentially 
reactive terminal group.  The composition of this portion of the monolayer can be made 
flexible or rigid through the use of saturated alkane chains or unsaturated/conjugated 
chains and rings.  The third and final portion of a representative monolayer is the terminal 







Figure 1.2 General components of a typical monolayer on the surface of a substrate.  The 
three main components of the monolayer are highlighted and their purpose discussed in 
the text above.  This figure was adapted from the literature.
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1.2.1 A Note about Chemisorption and Physisorption 
 As previously noted, it is possible to have molecules bind to the surface of a 
substrate in various manners.  These types of adsorption can be classified as either weak 
(physisorption) or strong (chemisorption) interactions with the surface.  It should be 
noted, however, that there is not a sharp distinction between these two types of 
adsorption; by convention it is typically accepted that the distinction occurs at a binding 
energy of approximately 0.5 eV per molecule (1 eV/molecule = 23.06 kcal/mol = 96.49 
kJ/mol). In the case of physisorption the interaction that occurs between the substrate and 
the adsorbate is weak due to van der Waals forces and adsorption energies on the order of 
0.01 – 0.1 eV.
35
  Others will define this adsorption as bonds that can only occur at low 
temperatures on the surface such as the low temperature adsorption of noble gas atoms on 
a metal surface.
36
  This definition, however, needs to be used with care since virtually any 





 In contrast to physisorption, chemisorption involves the formation of strong 
chemical bonds between the surface modifier and the substrate.   The resulting bonds can 
be either ionic or covalent with typical energies on the order of 1 – 10 eV, which result in 
a robust layer of adsorbate at the surface.
35
  Consequently, while physisorbed materials 
can easily be removed with the aid of heat or solvents, chemisorbed materials are not 
readily removed from the surface and require much harsher conditions for deliberate 
removal.  Another important aspect that accompanies the chemisorption of a material at 
the surface is changes to the substrate structure due to relaxation or reconstruction at the 
surface (section 1.5.2 discusses this further).
37
 
1.2.2    Binding Groups for Monolayer Surface Modification 
 The selection of binding group for monolayer surface modification greatly 
depends on the composition of the surface that is to be modified since not all binding 
groups behave the same on different surfaces.  These differences in behavior are expected 
in the case of chemisorption where the chemical functionalities of the surface and the 
modifier have to react with one another.  For instance, while it is possible to modify the 
surface of silicon, silica, or glass with alkoxy or halosilanes, the same surface modifiers 
have minimal interaction with surfaces lacking hydroxyl groups such as gold.
38-39
 The 
following sections briefly discuss surface modifiers such as carboxylic acids, silanes, 
thiols, and phosphonic acids along with the various substrates that they readily modify.  
A very comprehensive list indicating binding groups that are best suited for a particular 





1.2.2.1 Monolayer Terminology and Formation 
  The seminal work on the formation of monolayers of acids on glass came from 
the work conducted by Langmuir
40
 utilizing the antecedent work on surface tension 
conducted by Agnes Pockels.
41
  Katharine Blodgett furthered this work while in 
Langmuir’s lab by showing the successive deposition of many single layers of fatty acids 
on a glass substrate.
42-43
  Due to the lack of available tools at the time it was not possible 
to focus on the structure and formation of such monolayers at the molecular level and 
instead the work mainly examined macroscopic properties such as wettability.  With the 
discovery that alkanethiols could modify the surface of gold
44-45
 and the advent of readily 
available analytical techniques to examine monolayers at the molecular level (discussed 
further in 1.4) it became possible to probe these modifiers at the molecular level and it 
was discovered that there appeared to be a self-organizing order to the monolayers that 
are formed.  Thus, the term self-assembled monolayer (SAM) began to be applied to the 
formation of such monolayers due to this supramolecular like organization of molecules 
on the surface of the substrate.
34
  Unfortunately, the term SAM, while an appropriate 
literal description for certain systems, has been used so widely throughout the literature 
that it has lost its core meaning and now colloquially applies to any material that can 
modify a surface whether there is evidence for self-assembly or not.  Therefore, the term 
SAM will be avoided throughout this thesis as there is no readily available evidence that 
the modifiers discussed in the following chapters actually undergo self-assembly on the 
surface in an ordered manner.  The term monolayer, which is a better expression of the 
current state of knowledge regarding the ordering of these systems, will be used instead. 
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 A representative example of monolayer formation on the surface of a substrate 
can be seen in Figure 1.3.  In particular, this type of scheme refers particularly to the case 
of thiols on a gold substrate and is representative of true self-assembly on the surface.  
The formation of a monolayer depends greatly on the type of binding group that is used, 
which is why only one representative example is shown here.  In the case of this 
particular type of modification the thiol molecules begin physisorbed to the gold 
substrate, which is followed by the disordered chemisorption of molecules.  The initial 
chemisorbed molecules that were previously lying down on the surface serve as 
nucleation sites and vertically directed orientation begins to occur, which is followed by 
growth outward from these sites until complete coverage of the surface is achieved, 




Figure 1.3 Cartoon representation of steps that occur during the self-assembly of 
alkanethiols on a gold substrate: (a) physisorption, (b) lying down phase, (c) nucleation 
of vertical molecules, and (d) completion of vertical phase.  It should be noted that the 
binding groups in all cases are thiols, with red binding groups indicating chemisorbed 
molecules and blue representing physisorbed molecules.  This figure is adapted from 





1.2.2.2 Organosulfur Compounds for Surface Modification 
 Thiol surface modifiers have become increasingly commonplace in the literature 
ever since the discovery that such organic molecules can chemisorb to the surface of gold 
substrates.
44
  In addition to thiols, organosulfur compounds such as disulfides and 
sulfides can also be used for surface modification and form monolayers on the surface of 
substrates by spontaneous adsorption from either solution or vapor deposition.  Typically, 
solution deposition is desirable as it avoids the need for UHV systems, requiring only a 
clean substrate and an ethanolic solution of the thiol.  Common materials that can be 
modified with thiols in such a manner include gold, silver, palladium, mercury, and zinc.  
Thiols are also more commonly utilized than other organosulfur materials such as 
disulfides due to better overall solubility.
33
 
 Thiols on coinage metals, particularly gold, do afford a robust monolayer with 
temperature stability above 120 °C due to the strong linkage of the thiol with the surface 
through the formation of S-Au bonds.  As noted in Figure 1.3, the modification of the 
surface with thiols involves not only chemisorption, but initially physisorbed and mobile 
thiols that come on and off the surface, which aids in self-assembly of these 
monolayers.
33
     The conditions required to form reproducible monolayers, while not as 
straightforward as those used for phosphonic acid modification (1.2.2.5), are more 
straightforward to control in comparison with silane surface modification (1.2.2.3) 
requiring deoxygenated solvent and inert atmosphere.
48-49
  Due to the ability of thiols to 
react with oxygen, however, some chemical instability can exist under atmospheric 
conditions causing deterioration of the monolayer.
50-51
   Even with this limitation, 
however, thiols are an excellent choice as surface modifiers given the underlying 
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substrate for modification is a coinage metal, and applications as diverse as examining 
the electrochemistry of monolayers, preparing biocompatibile surfaces, and the binding 
of proteins and nano-objects utilizing thiol-based monolayers have been demonstrated in 
the literature.
52
  It is also possible to regain a pristine gold surface through the use of 
hydrogen-plasma cleaning to remove the monolayer.
52
 
1.2.2.3 Organosilicon Compounds for Surface Modification 
 Silane-based surface modifiers encompass a range of binding groups including 
alkoxy and halosilanes, and have been commonly examined due to their ability to modify 
surfaces that are not easily modified by other binding groups such as silicon, silica, and 
glass.  They also have been extensively studied due to the stability of the silicon-oxygen-
carbon bond that is formed between the substrate and the surface modifier, making for a 
robust monolayer.
53
  As with organosulfur compounds there are multiple types of 
organosilicon molecules that can be utilized in surface modification such as chlorosilanes 
and silyl ethers.
54
  One of the drawbacks to the use of this type of surface modifier, 
however, is the overall limited reproducibility of the monolayer that is formed 
(particularly in the case of trichlorosilanes).
53, 55
   
 The irreproducibility of silane monolayers can be linked by the formation of 
homocondensation products that form a cross-linked polymeric like network of silane 
multilayers on the surface, rather than a pristine monolayer of material.
34
  Such a 
formation of multilayers is dependent on the amount of water present in the organic 
solvent used for the surface modification.  The general mechanism for the surface 
modification with a trialkoxysilane or trichlorosilane is shown in Figure 1.4 and 
illustrates that water plays an important role in surface modification with these 
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compounds.  The water content thus determines the overall quality of the resulting 
monolayer as can be seen in Figure 1.5; completely anhydrous conditions lead to an 
incomplete monolayer as the initial hydrolysis reaction is slow, whereas, if too much 
water is present, the hydrolysis reaction occurs so quickly that homocondensation 
reactions dominate rather than reactions between the modifier and the substrate.  
Therefore, an optimum amount of water is needed to form a high quality monolayer; this 
amount differs from silane to silane depending on the functionality of the spacer and 
terminal functional group and is hard to control.  Figure 1.5 also shows that the amount of 
water is important regardless of whether alkoxy or chlorosilanes are used since the 
surface modification in either case relies initially on hydrolysis to form the silanol, with 
the main difference being the speed with which the formation of the silanol takes place, 
with chlorosilanes reacting faster than alkoxysilanes. 
1.2.2.4 Carboxylic Acids for Surface Modification 
 While thiols and silanes represent a large majority of surface modifiers used in the 
literature for the formation of monolayers on substrates, carboxylic acids are also an 
important binding group.  Carboxylic acids have aided in expanding the variety of 
substrates that can be modified with a monolayer, allowed for the use of metals that are 
less costly than noble metals modified by thiols, and they have allowed for an 
examination of the important role that the chemistry between the metal or metal oxide 
and anchoring group play.
59
  The chemisorption of carboxylic acids is based on an acid-
base reaction between the binding group and the substrate.  The overall driving force for 
surface binding in this case is the formation of a surface salt between the carboxylate 
anion and surface metal cation.
60-61




Figure 1.4 Generalized scheme for the reaction of a trialkoxysilane or trichlorosilane 
containing a spacer and terminal functional group (R) with a substrate terminated with 
surface hydroxyl groups.  Note that the linking group (X) can be either an alkoxy or 
halogen group.  This scheme shows the hydrolysis and condensation reactions that occur 
in solution as well as those that occur in order to covalently bind with the surface.  This 




Figure 1.5 Representative examples demonstrating the impact that water content has on 
the ability of an organosilane to form a high quality monolayer.  In this example both 

















  The strength of binding of carboxylic acids compared with 
phosphonic acids (discussed in the next section and the focus of surface modifiers used in 
this thesis) to metal oxides has been shown to be weaker, resulting in a lower coverage 
monolayer when compared with an analogous phosphonic acid.
67
 
1.2.2.5 Phosphonic Acids for Surface Modification 
 Phosphonic acids have been studied for surface modification relatively recently in 
comparison with the other binding groups previously discussed.  Research surrounding 
this particular surface modifier dates back to work done in 1996 by Woodward, Ulman, 
and Schwartz who initially used a long chain alkyl phosphonic acids to modify the 
surface of mica.
68





 of phosphonic acid monolayers.  Prior to these studies it was 











  Yet, the work from the 
Schwartz group was the first set of studies into the chemisorption of phosphonic acids on 
metal oxides directed to better understand the formation of the monolayer.  Depending on 
the nature of the substrate, this monolayer can form in two different ways, both of which 
are shown in Figure 1.6.  In the case of Lewis acidic metal oxides, the monolayer forms 
by coordination of the phosphoryl oxygen to the metal oxide surface followed by a 
heterocondensation reaction as shown in Figure 1.6a.  In the case of metal oxides that are 
weakly Lewis acidic, heterocondensation takes place first without the phosphoryl 
coordination (Figure 1.6b).
77-78
  This reaction can form up to three P-O-M bonds (where 
M is the metal oxide substrate); in the case of ITO modification is predominantly a 
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bidentate linkage with the surface.
79
  The strength of these covalent bonds is what leads 
to the formation of such a robust monolayer, requiring harsh basic conditions or plasma 




Figure 1.6 Mechanism of phosphonic acid binding to Lewis acidic metal oxides (a) and 
poorly Lewis acidic metal oxides (b).  This figure demonstrates the varieties of binding 
modes that are possible and outlines what type of reaction is occurring at each step.  This 
figure was adapted from those in the literature.
77-78, 81 
 
 Phosphonic acids have both the advantage of creating strong bonds with metal 
oxide surfaces (similar to thiols and silanes), but in a more reproducible manner than 
silanes due to the inability of this type of binding mechanism to produce 
homocondensation products.
55
  In contrast to thiols, phosphonic acids are not sensitive to 
the amount of oxygen present during the modification protocol and most experimental 
procedures utilize millimolar concentrations in ethanol or tetrahydrofuran (THF) for 
anywhere from several hours to multiple days depending on the intended use of the 
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monolayer.  Any physisorbed multilayers are readily removed with sonication in a mildly 
basic solution,
79
 and results in a high quality, highly reproducible monolayer.  
Phosphonic acids combine the binding strength of thiols and silanes with the lack of 
homocondensation products and ease of modification conditions found for carboxylic 
acids.  This is why phosphonic acids are of particular interest and were chosen to be 
examined in this thesis in the context of modifying metal oxides of importance for 
electrode applications.     
1.3 Energy Level Definitions 
 Before discussing the various analytical techniques that are used to analyze 
monolayers on a surface it is important to introduce the various terms that are used to 
describe electronic structure.  As will be seen, both XPS and ultraviolet photoelectron 
spectroscopy (UPS) can be more readily understood with a prior knowledge of the Fermi 
level and work function. 
 Vacuum level (EVAC) – In the context of solid surfaces and electronic measurements 
is defined as the energy of a stationary electron at a distance that is infinitely far away 
from the solid surface such that it is beyond the influence of any significant 




  However, the vacuum level that 
will be used throughout this thesis (allowing for the measurement of work function 
and other experimentally determined quantities) is better defined as the energy of an 
electron at rest just outside the solid and consequently is still affected by the potential 
of the solid surface.
83
  From a practical standpoint this means that EVAC as determined 
from experimental results is not from an electron infinitely away from the surface and 
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is therefore not an invariant reference point.  An excellent discussion regarding the 
disambiguation of these two definitions can be found in Ishii.
83
  
 Conduction band (CB) – the band consisting of unoccupied orbitals to which 
electrons can be excited; in the case of semiconductors that have a small gap between 
the valence band and conduction band it takes little energy to cause this excitation 
and thus conduction of electricity 
 Valence band (VB) – the band consisting of occupied orbitals; in the case of 
semiconductors and conductivity, the band from which electrons are excited into the 
conduction band  
 Fermi level (EF) – thermodynamically, the work required to add an electron to a 
material, in the case of semiconductors, the level at thermodynamic equilibrium that 
has a 50 % probability of being occupied at any given time, and when the temperature 
is 0 K no electron population will exist in bands above that of the Fermi level
84
  
 Work function (ϕ, WF) -  the energy required to remove an electron from the Fermi 
level to the vacuum level 
1.4 Analytical Methods for Examining Monolayers 
 Analyzing a surface after modification can run the gamut between a 
straightforward and simple approach such as goniometry (more commonly known as 
contact angle) to something far more complex and involved such as synchrotron-based 
techniques like Near Edge X-Ray Absorption Fine Structure Spectroscopy (NEXAFS, 
discussed below).  Choosing from the myriad of techniques requires a careful 
understanding of what surface properties need to be probed (e.g. orientation, surface 
energy, work function, roughness, compatibilization, etc.) and whether the technique is 
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sufficiently sensitive to detect the quantity of modifier on the surface.  The following 
sections provide a brief introduction to the types of characterization techniques that will 
be discussed throughout the remainder of this thesis.  The references herein also serve as 
recommended reading regarding further in-depth details about the technique.  A 
comprehensive summary of surface analysis techniques including characterization 
parameters, information obtained, equipment/techniques required, and resolution can be 
found in pages 33 – 52 of Brune et. al.
85
 
1.4.1 Atomic Force Microscopy 
 Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM) 
that allows for the collection of high-resolution structural details of a surface on a scale of 
microns to angstroms.  This technique can be conducted under UHV, but more 
commonly is performed under standard atmospheric conditions and relies on the 
measurement of differential forces between a sharp probe and the surface being 
imaged.
86-87
  The scanning probe may be kept at a distance less than a few nanometers 
from the surface or in direct, mechanical contact with the surface; in the case of AFM 
these are referred to as tapping mode or contact mode, respectively.
88
  The basic 
components of an AFM include a cantilever with a sharp probe at the end that is attached 
to a piezo, a laser beam, and a photodetector.  Application of voltages to the piezoelectric 
scanner (often a four quadrant tube scanner) allow for the tip to be moved in three-
dimensional space.  A laser beam is then focused on the cantilever and reflected onto a 
photodetector as a means of measuring the forces acting on the tip, which cause changes 
in the deflection of the cantilever.  While there are other options available for the 
measurement of this feedback, the use of a laser and photodetector has the advantage of 
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magnifying surface features by a factor of 750 – 1500 when using long cantilevers (100 – 
200 µm in length), allowing for detection of cantilever deflection changes in the sub-
angstrom range.
88
  A schematic view of an AFM is shown in Figure 1.7. 
 
 
Figure 1.7 Schematic view of an AFM showing the principal components required for 
operation.  Image reproduced from the literature.
86
   
 
 AFM analysis of modified surfaces is commonly carried out in tapping mode.  In 
this intermittent-contact mode the cantilever is oscillated by a piezoelectric actuator at its 
resonance frequency and the amplitude of this oscillation is specified by the user.  As the 
tip intermittently contacts the surface, the tip-sample force interactions that are 
encountered cause changes to the amplitude, phase, and resonance frequency of the 
vibrating cantilever.  Thus, depending on whether the tip is attracted or repelled from the 
surface there is either a decrease or an increase in resonance frequency, respectively.  
Adjustments are made by a feedback controller in order to keep the cantilever at a 
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constant frequency of oscillation, which in turn allows for the formation of a 
topographical image indicative of the height changes that are present in the sample.
86
  
Analysis of fine morphological features is simultaneously collected and turned into a 
phase image based on the differences between the phase of the oscillation at the 
resonance frequency and the phase when the tip interacts with the surface.
86, 88
  This 
difference is graphically demonstrated in Figure 1.8 and representative data showing the 
difference between topography and phase data (which can be simultaneously collected) is 
shown in Figure 1.9. 
 
 
Figure 1.8 Schematic demonstrating the collection of phase imaging in tapping mode (a) 
and changes in phase oscillation when a probe comes into contact with different portions 
of the surface (b).  Image modified from the literature.
86 
 
 In the particular case of surface modifiers on a substrate, the information that can 
be gleaned from AFM greatly depends on the nature of the underlying substrate.  In the 
case of atomically flat surfaces such as gold and mica it is possible to probe the 
development of the monolayer with time
69
 as well as the packing and crystalline order 
that forms from self-assembly.
89-90
 In the case of substrates that are not atomically flat, 
such as ITO or zinc oxide (ZnO), the underlying surface roughness precludes the ability 
to image the monolayer structural features.  Instead AFM images are used to examine the 
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overall morphology of a surface after modification to examine whether the modifier 
changed the surface in any way (such as differences in roughness due to etching). 
 
 
Figure 1.9 Representative examples of AFM topography (left) and phase (right) images 
showing the features present on a spin coated film of a styrene-butadiene-styrene block 
copolymer.   
 
1.4.2 X-ray Photoelectron Spectroscopy 
 Another important aspect to examining surfaces is the ability to probe the 
chemical composition of the substrate both before and after modification.  Obtaining such 
analytical information is most commonly accomplished through the use of X-ray 
photoelectron spectroscopy (XPS).  This UHV technique relies on the bombardment of 
the sample surface with high-energy X-rays.  When these X-rays strike the atoms on the 
surface there is a concomitant ejection of inner shell electrons and the atom becomes 
ionized.  Thus, if E0 is the energy of the X-ray source being used and Ej is the energy of 
the core electron being removed from the atom, then the difference in these energies, E0 – 
Ej, will be the energy of the emitted electron, which is characteristic of both the atom and 
shell from which the electron originated.  These emitted electrons are collected by an 
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energy analyzer, which filters the electrons based on their kinetic energies.  Furthermore, 
since the number of ejected electrons is proportional to the number of atoms present, the 
technique can provide compositional data quantitatively. Thus, each element has its own 
set of characteristic peaks in the spectra (Moulder and Chastain serves as a good 
reference handbook for this)
91
 and a determination of the relative amounts of each 
element can be obtained.
92-93
  It is important to note that, since the probability of 
detecting an electron from a surface can be represented as the exponential e
-x
, there is a 
limit to the detection depth of XPS.  This limit means that XPS typically only probes to a 
depth of approximately 10 nm, which is well suited for the study of monolayers. A 
generalized schematic of XPS, as well as representative spectra are shown in Figure 1.10. 
 
 
Figure 1.10 Schematic diagram of a typical XPS instrument (a) showing the main 
components as well as the ability to translate (φ) and tilt (ϑ) the sample relative to the X-
ray source along with typical spectra acquired by XPS for some representative elements 




 Another important set of information afforded by XPS analysis is the ability to 
obtain information on the chemical state of the elements present on the surface being 
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examined.  The binding energy (defined in Figure 1.12) of a specific ionization depends 
on the chemical state of the atom in question and chemically inequivalent atoms of the 
same element give rise to peaks in the XPS spectra that occur at measurably different 
energies (analogous to chemical shifts that are observed in nuclear magnetic resonance 
spectroscopy, NMR).   These inequivalent atoms can originate from differences such as 
oxidation state or chemical environment, and a representative example of non-equivalent 
carbon atoms in a surface monolayer is provided in Figure 1.11.  Figure 1.12 provides a 
band diagram for excitation caused by X-rays in XPS to better show how binding energy 
(the common energy unit used when plotting data), kinetic energy (what is detected by 
the analyzer), and the Fermi level relate to one another in this type of spectroscopy.     
 
 
Figure 1.11 Example of peak separation observed in XPS due to non-equivalent atoms.  
The above is the spectrum of the C 1s peak for pentafluorobenzylphosphonic acid on the 
surface of ITO.  The spectrum shows the presence of two main peaks with the peak 
originating from the C-F bonded atoms at higher binding energy due to the 
electronegative nature of fluorine, removing electron density from the adjacent carbon 
and thus decreasing the kinetic energy of electrons removed from the C 1s orbital.  Both 
C-C and C-P bonds appear at similar binding energies and carbonaceous carbon 




Figure 1.12  Band diagram showing the excitation of a core level electron at an energy of 
EB2 by a photon of energy hν.  The electron then travels to the analyzer where it is 
detected as a peak in the spectrum which is schematically shown to occur at a kinetic 
energy of EK2.  In XPS, the Fermi level is used as the reference point and energy units are 
commonly shown in Binding Energy (BE) rather than the Kinetic Energy that is directly 
detected by the analyzer.  The bottom equation shows how BE is obtained from the X-ray 
photon energy (hν), work function of the analyzer (WFanalyzer) and the excess kinetic 
energy of the excited electron at the analyzer (KEanalyzer), which are all expressed with 




   
 
1.4.3 Ultraviolet Photoelectron Spectroscopy 
 UPS is a powerful technique that is highly surface sensitive and allows for the 
measurement of ionization energies for valence states.  UPS in the context of this work 
focuses on the ability of this technique to quantify work function and valence band 
maximum values.  This is also a UHV technique that is typically conducted using the 
same instrument as in XPS.  In this case, however, rather than using X-rays as the 
excitation source, a helium discharge source is typically used (other UV sources such as 
those from synchrotron radiation can also be used), which allows for the production of 
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high intensity ultraviolet light.  The source energy can be tuned to use either He I (21.22 
eV) or He II (44.8 eV), which is significantly lower in energy than the Al Kα radiation 
that is typically used in XPS (1486.6 eV).  Thus, rather than probing core level electrons, 
UPS examines the low binding energy valence electrons.  The features that are observed 
in the spectrum depend on the density of states in the material being examined in addition 
to the ease with which electrons can be photoexcited from a given orbital.  It should be 
noted that there are also secondary electrons (primary electrons are those that did not 
suffer inelastic collisions and secondary electrons are primary electrons that have lost 
varying amounts of energy) that comprise the background of the spectrum and originate 
from inelastically scattered secondary electrons, causing an intense spectral feature that is 
used to determine the WF of a material.
97
  The important spectral features present and 
values that can be obtained from UPS are shown in Figure 1.13. 
 UPS is an extremely surface-sensitive technique and even the presence of a 
monolayer of material on the surface can drastically alter the spectrum obtained.  Thus, 
since UPS does not utilize a very high-energy excitation source and the depth from which 
electrons can escape from a surface before being scattered is extremely dependent on the 
energy of the escaping electron, UPS only probes the top 2 – 3 nm of a material.
98
 From 
this technique it is possible to determine the position of the valence band maximum 
(EVBM), the Fermi level, and the WF of the material.  This also means that the ionization 
potential (IP) of the material can be known as it is the sum of the EVBM and the WF.  The 
technique, however, does not afford direct information regarding the conduction band 
minimum and consequently the electron affinity of the material cannot be measured.  
27 
 
This information can be obtained from inverse photoemission spectroscopy,
99
 which is 
beyond the scope of this thesis. 
 
 
Figure 1.13 Example spectra of bare ZnO obtained from UPS analysis with important 
features noted.  Both the work function (ϕ) and valence band maximum (EVBM) are 
directly determined from the spectra as shown; ϕ = (He I Source Energy) – (Secondary 
Electron Edge) and EVBM = (Valence Band Maximum) - EF.  The intensity of the 
Secondary Electron Edge comes from inelastically scattered electrons that have escaped 
to vacuum, but lost energy in the process.  
 
1.4.4 Kelvin Probe 
 Kelvin probe (KP) is another technique that allows for the measurement of WF by 
probing the contact potential difference (CPD) between two materials.  The technique 
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itself was originally proposed by Lord Kelvin in 1898 to obtain the CPD between 
metallic surfaces and has grown in popularity over the years as it does not need UHV and 
does not promote surface damage or desorption of weakly bound adsorbates, unlike 
photoemission spectroscopy techniques.
100
  The technique relies on the fact that the two 
materials being examined have different WF values and when these materials are brought 
into physical contact with one another (typically through the use of a wire or metallic 
arm) the Fermi levels align with one another.  This alignment causes an electrical 
potential to be formed between the substrate being examined and the KP, which is the 
CPD.  The system then applies a nulling potential in the direction opposite the CPD and 
once a charge-free state has been achieved then the nulling potential is equal to the 
negative CPD (VNull = -CPD).  This is graphically shown in Figure 1.14.  It should be 
noted that KP does not directly provide the WF of a material without calibration.  
Typically reference materials with well-known WF values are measured prior to the 
sample being analyzed.  Highly-oriented pyrolytic graphite (HOPG) is commonly used 
for calibration as it can be readily cleaved to expose a fresh surface using the scotch tape 
technique and the material itself is very chemically inert (i.e. it does not form interface 
dipoles with adsorbed materials from the atmosphere).
101
   
 Various studies have been conducted to compare the WF obtained by KP with 
photoemission spectroscopy techniques.
100, 103-104
  In general, the values obtained are 
relatively close to one another and both techniques afford reproducible results.  From a 
practical standpoint, however, the recommendations of those conducting such studies has 
been to use techniques such as UPS when an absolute value for WF is needed, and to use 
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KP when conducting measurements on a large number of samples due to its ability to 
serve as a high-throughput screening technique.
104
  A similar comparison has also been 
 
 
Figure 1.14 Schematic diagram for the principle of KP.  Two materials with different 
WFs (a) are brought into contact with one another (b) causing Fermi level alignment.  A 
nulling potential is applied and at the charge free point the nulling potential is equivalent 





conducted as part of the work reported in this thesis resulting in the same conclusion.  On 
surfaces having different crystal orientations (or inhomogeneous modification) where 
there are non-uniform areas of WF, UPS tends to be biased toward lower values due to its 
smaller area of analysis causing the patches of lower WF values to skew the results. KP is 




1.4.5 Infrared Reflection-Absorption Spectroscopy 
    Infrared reflection-absorption spectroscopy (IRRAS) is an infrared (IR) based 
technique that relies on the use of an IR beam reflected off a surface at a grazing angle of 
incidence, rather than more commonly used IR techniques where light is transmitted 
directly through the sample on its way to the detector.  Note that this technique is also 
known as reflection absorption infrared spectroscopy (RAIRS).  Standard IR collected in 
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transmission mode is not applicable for studying surfaces as the sample would need to be 
both transparent in the IR region of the electromagnetic spectrum as well as be extremely 
thin so no absorption would be observed due to sample thickness.
99
  Transmission mode 
also has the problem of passing through the monolayer of material over a small area and 
therefore does not have sufficient absorption for detection.  Just like in any IR technique, 
however, the vibrational “fingerprint” of molecules on the surface is being examined, 
particularly those that are chemisorbed, and thus an analysis of the presence or absence of 
certain vibrational bands allows for characterizing the adsorbed layer down to as low a 
coverage of 0.5 % of a monolayer.
105
  The highly sensitive nature of this technique is due 
partially to the need to conduct the measurement on a highly reflective surface such as 
gold and partly from the use of p-polarized IR light (IR light with its electric field along 
the plane of incidence).
93
  As seen in Figure 1.15 the reflective substrate serves the 
purpose of allowing the incident light to pass through the monolayer twice, enhancing the 
signal-to-noise ratio of the resulting spectrum, and the use of the grazing angle greatly 
enhances the intrinsic electric field.  The use of the p-polarized light then allows for only 
vibrational modes with dipole moments perpendicular to the surface to be observed.  The 
technique can be enhanced by altering the polarization used (polarization modulation 
IRRAS, PM-IRRAS) and examining both p- and s-polarized light to determine tilt angle 
of modifiers from careful modelling and comparison with experimental vibrational mode 






Figure 1.15 Schematic showing the external reflection method used in IRRAS of a 
generic monolayer deposited on a highly reflective gold substrate.  The angle of 
incidence relative to the surface normal, θ, is typically 80°. Image adapted from Brune.
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 IRRAS has proven to be an invaluable technique in determining the binding of 
modifiers on the surface, particularly in the case of phosphonic acids.  The spectra 
collected by IRRAS are compared with the transmission IR of the phosphonic acid in 
powder form.  Figure 1.16 shows two phosphonic acid modified surfaces, ZnO and ITO.  
In the case of these two metal oxides the phosphonic acids reflect the different binding 
modes that were shown in Figure 1.6.  In the case of ZnO, due to the lack of P=O and P-
O-H bands, it can be concluded that the binding of the surface modifier occurs mainly 
through a tridentate linkage with the surface.
106
  In contrast, on ITO there is still a 
relatively intense P=O peak observed along with a small number of vibrational modes 
originating from P-O-H bonds leading to the conclusion that mainly a bidentate linkage is 
present.
79
  Thus, while being a relatively straightforward technique, IRRAS provides a 
level of detail that can simultaneously confirm modification of the surface and provide 




Figure 1.16 IRRAS spectra of octradecylphosphonic acid modified ZnO
106
 (left) and 
ITO
79
 (right).  In the case of the ITO surface the top spectrum is the powder form of the 
phosphonic acid while the lower spectrum was collected by IRRAS.  The inset for both 
ZnO and ITO highlight the C-H vibrational regions. 
 
1.4.6 Near Edge X-ray Absorption Fine Structure 
 Near edge X-ray absorption fine structure (NEXAFS) is another X-ray based 
technique that is similar in basic principle to what has been previously discussed for other 
photoemission spectroscopic techniques such as XPS and UPS.  Just like in XPS, X-rays 
are used to excite core level electrons, however, unlike XPS, NEXAFS does not use a 
fixed energy for the X-ray emission and a subsequent measurement of electron intensity 
as a function of kinetic energy.  Instead the energy of the X-rays is varied around an 
ionization edge and the absorbed X-ray intensity is measured.  There are two common 
ways in which the spectra are then recorded, either by transmission or electron yield as 
shown in Figure 1.17.  In this case µ is the absorption coefficient of the X-rays and is 
logarithmically related to the detected intensity It in the case of transmission mode and 
directly proportional to Ie in the case of electron yield mode.  Of the two techniques, 
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electron yield will be discussed in this thesis as this mode was used for the collection of 
data discussed in Chapter 4 and is more generally applicable as transmission mode 
requires the use of extremely thin, foil-like samples.  Figure 1.18 shows a comparison of 
XPS and NEXAFS data. 
 
 
Figure 1.17 Two common measurement modes for NEXAFS, transmission (left) and 
electron yield (center).  In transmission mode the intensity is dependent on the thickness 
of the sample being used (t), and in electron yield the intensity is dependent on the 




 Measurements performed using the electron yield regime actually see the 
simultaneous collection of two distinct sets of data, the total electron yield (TEY) and the 
Auger electron yield (AEY) and the discrepancy between the two measurements results 
in a measure of the systematic uncertainty associated with the measurement and 
background removal (in the case of a modified substrate where the bare substrate 
background needs to be removed to better isolate the modifier).  The measurement of 
AEY originates from the photoelectrons that are created by the absorption of the X-rays 




Figure 1.18 Comparison of XPS (left) and NEXAFS (right) spectra for a generic polymer 
containing carbon, oxygen, nitrogen, and fluorine.  Peaks labelled on the bottom of the 
XPS data are Auger peaks and originate from Auger electrons as discussed below (image 
reproduced from literature).
107
  Note the energy scale for XPS is in kinetic energy while 
the scale for NEXAFS is in photon energy. 
 
from within an atom to higher lying empty states the resulting holes that are left behind 
are filled by higher lying electrons.  The excess energy is released in the form of an 
Auger electron and since there is a direct correlation between the absorption of an X-ray 
and the emission of an Auger electron, AEY is a direct measure of the X-ray absorption 
in the sample.  This process is schematically shown in Figure 1.19.  Measurement of the 
TEY results from the formation of scattered secondary electrons created as Auger 
electrons escape the sample.  Thus, electrons too deep in the sample do not have enough 
energy to overcome the WF and cannot escape the sample, which is why the sampling 






Figure 1.19 Schematic energy diagram for the absorption of an X-ray by a sample and the 
subsequent radiative and non-radiative decay processes that can occur when the resulting 
hole is filled.  When the hole is filled radiatively there is a resulting fluorescence 
observed and when the hole is filled non-radiatively there is the emission of an Auger 
electron.  In the case of low molecular weight molecules (such as surface modifiers) the 




 Just like XPS, NEXAFS is extremely sensitive to the environment surrounding an 
atom, however, unlike XPS, NEXAFS has the ability to determine the orientation of a 
material on the surface, for instance the tilt angle of a surface modifier.  The tilt angle is 
able to be determined since NEXAFS is polarization dependent, meaning that the X-rays 
coming from the synchrotron light source are polarized and thus collection of data at 
multiple angles of incidence can afford this tilt angle information because only chemical 
bonds that are in plane with the polarized light source will be excited.  This is best 
represented with an example, such as benzene as shown in Figure 1.20.  Benzene has 
unoccupied sigma and pi antibonding orbitals (σ* and π*).  When the electric field vector 
E is aligned almost parallel with the surface normal, only those orbitals having the same 
orientation experience excitation from the absorption of X-rays, which in this case is a π 
to π*-excitation as seen in the experimental data (top right).  Analogously, when the X-
ray source has its electric field perpendicular to the surface normal only those orbitals 
which are also perpendicular to the surface normal are excited, which in this case are σ to 
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σ*-transitions (bottom right).  This can be seen in representative experimental data also 
shown in the figure since at these extreme angles (20° and 90°) only one type of orbital 
dominates each spectrum. These intensities are proportional to the angle of incidence, and 
thus as can be seen from experimental data collected of a phenylphosphonic acid on the 
surface of indium zinc oxide (IZO), Figure 1.21, as the angle of incidence is swept from 
20° to 90° the intensity of the π*- and σ*-transitions increase and decrease, respectively.  
Thus, NEXAFS affords molecular level detail not possible with other techniques, and 
when combined with experimental data from the other methods discussed in 1.4 a picture 
of not only how the molecule packs on the surface, but also its coverage, impact on the 
WF, and surface roughness is able to be determined.  
 
 
Figure 1.20 Example of the angular dependence of NEXAFS data due to the use of a 
polarized synchrotron light source for the case of benzene on silver.  The benzene 
molecular orbitals have π-orbitals that are out of plane of the ring and σ-orbitals that are 
in the same plane as the benzene ring (left).  Experimentally, when the X-ray electric 
field vector is parallel to these molecular orbitals they are selectively excited as observed 
in the resulting spectra.  Sweeping over a range of angles allows for the determination of 






Figure 1.21 Experimental NEXAFS data for phenylphosphonic acid on the surface of 
IZO collected at angles between 20° and 90° (left).  The molecules on the right 
schematically demonstrate the angular dependence of the orbitals being excited based on 
the incident angle of the X-ray source.  As can be readily observed, as the angle of 
incidence increases from 20° to 90° the intensity of the π*-transition also drastically 
increases.  Image modified from Gliboff.
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1.5 Work Function Tuning with Surface Modifiers 
 A large portion of this work is dedicated to the use of examining the ability of 
various surface modifiers to alter the work function of metals and metal oxides.  Chapters 
3, 4, and 5 all see the use of either phosphonic acids or molecular dopants to tune the 
work function of surfaces such as gold, ITO, and ZnO, and then measure these changes 
with KP and/or UPS.  Before addressing how these surface modifiers tune the work 
function, however, it is helpful to discuss why such tuning is needed and the potential 
application of surfaces that have had their work function altered in this manner. 
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1.5.1 Applications of Work Function Tuning 
 Tuning the work function of a substrate is particularly important in order to 
control the interface energetics of a semiconductor on top of an electrode, particularly if 
the semiconductor is organic in nature.  Altering the interface between the underlying 
metal or metal oxide and the organic over layer can serve the purpose of enhancing the 
wettability of the inorganic substrate by the organic material leading to more 
homogeneous films.  In the current context, however, work function tuning allows for 
better energy-level alignment in organic optoelectronic devices thereby decreasing the 
energetic barriers for carrier injection depending on the device.  Decreasing such 
injection barriers enhances the efficiency of the device by minimizing the energy barrier 
that must be overcome before current can flow.
111
  Take for instance the case of an 
organic light emitting diode (OLED) using an ITO electrode and a generic hole-
transporting layer (HTL), as shown in Figure 1.22.  In this case, there is a barrier to the 
injection of holes from the electrode to the HTL given by ΔEhole.  Until this barrier is 
energetically overcome, current cannot flow into the OLED device and consequently it 
will not turn on.  If a surface modifier (such as a phosphonic acid) is used to modify the 
surface of ITO and increase its work function (in the case of the electron-injecting 
electrode a decrease in work function would be desirable) this means there is also an 
increase in the vacuum level relative to the bare ITO surface.  Thus, when the HTL is 
deposited on top of the modified ITO the energetic barrier to have emission from the 






Figure 1.22 Image showing band diagrams for an ITO electrode and a generic hole 
transporting layer before contact, with a barrier to hole injection into the HTL given as 
ΔEhole (left).  When the two materials are in contact the Fermi levels align with one 
another (center).  The barrier to hole injection after contact (ΔEhole) is still rather large.  A 
surface modifier with a dipole (such as a phosphonic acid) is used to modify the surface 
of the ITO (right).  The modified ITO and HTL surfaces are now brought into contact 
with one another and because the WF of the ITO has been increased by the modifier, the 
barrier to hole injection has been greatly diminished.  Image adapted from Hotchkiss.
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 The previous scenario discussed the increase of work function through the use of 
surface modifiers to allow for a decreased barrier to hole injection into a device, but 
typical optoelectronic devices also require the presence of a low WF metal for the 
collection or injection of electrons.  Both increasing and decreasing the WF of metals and 
metal oxides is a major aspect of this work, but it is particularly important to highlight the 
need to decrease the WF of substrates.  That is because most low WF metals that can be 
used are typically alkaline earth metals such as calcium or magnesium or have thin 
coatings of alkali metals on top (e.g. lithium or cesium).  Such materials, while having an 
intrinsically low WF, are also extremely reactive with oxygen and water and therefore do 
not maintain this low WF without some form of encapsulation.
112
  Thus, an effort has 
been made to examine ways in which electrodes with higher native WF values such as 
ITO can be modified to serve as a low WF electrode thereby mitigating the need for 
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highly reactive alternatives.  Success has been made modifying surfaces with small 
molecules
113-115
 and amine containing polymers
112
 to accomplish this goal, furthering the 
importance a surface modifier can have in the overall architecture and performance of a 
device.  
1.5.2 Work Function Changes Induced by Surface Modifiers 
 Through the use of theoretical modelling, it has been possible to better 
characterize the components that contribute to the WF modification of a substrate through 
the use of a surface modifier such as a phosphonic acid.  This relationship is summarized 
in Equation 1.1.  
                    Equation 1.1 
This means that the overall WF change (Δϕ) can be approximated as the sum of three 
distinct components, which are: 
 the chemical bonding of the surface modifier to the underlying substrate, which is 
the bond dipole (BD) 
 the change in surface geometry (and thus electron distribution) that occurs 
between the geometry optimized bare surface and the surface in its post-modified 
optimized geometry (ΔϕGEOM = ϕmodified – ϕpristine) 
 the surface dipole that is induced by the modifier once attached to the surface 
(ΔϕSD), which changes the vacuum level
111, 116
 
It is important to note that the component ΔϕSD includes within it contributions that come 
from the molecular dipole as it sits relative to the surface normal and the coverage of the 
modifier since modifiers tend to interact with one another at higher coverage densities 
causing depolarization of their dipoles.   
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1.6 Organization of Thesis and General Overview 
   This general introduction to surface science, analytical techniques, and surface 
modification serves as the gateway to the later chapters.  The basic concepts discussed 
within the previous underpin the concepts and studies that will be explored in greater 
detail throughout the subsequent chapters. While all the chapters have a focus on surface 
modification, each one examines different particular aspects of the modification process 
ranging from synthesis, modification methods, characterizing monolayers, surface 
doping, and surface etching. 
 Chapter 2 focuses on the design and synthesis of the surface modifiers that are 
employed throughout the remainder of the thesis.  These surface modifiers include 
binding groups that should already be familiar from 1.2.2 including phosphonic acids, 
alkoxy silanes, chlorosilanes, and carboxylic acids.  The bulk of this chapter focuses on 
the experimental methods that are involved in the synthesis of the 38 compounds that 
have been made related to surface modification.  There is also a discussion regarding 
NMR analysis of phosphorus based compounds, as the presence of 
31
P tends to 









F NMR are discussed since both provide useful demonstrations of 
purity for the fluorinated and non-fluorinated phosphonic acids that have been 
synthesized.  While not all of the compounds shown in this chapter have been directly 
used in the remainder of the document, references are provided to published literature 
articles or patents using the compounds. 
 Chapter 3 highlights work conducted in collaboration with members of David 
Ginger’s group at the University of Washington and Jean-Luc Brédas’ group at the 
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Georgia Institute of Technology.  This chapter focuses on examining phosphonic acids on 
the surface of ITO in an effort to better understand the relationship that exists between 
the orientation and coverage of such modifiers on the surface of ITO, the resulting WF 
that is measured after modification, and how these factors interrelate with one another.  
This work is an extension of material that has already been published in the literature 
investigating orientation of phenyl and alkyl phosphonic acids
110, 117
 and specifically uses 
benzyl phosphonic acids on ITO, as this type of modifier has also been utilized in device 
architectures,
118-120
 but no examination of molecular ordering had thus far been 
performed. 
 Chapter 4 expands upon previous work that was conducted to determine the 
binding of phosphonic acids to the surface of ZnO.
106
  Previous work laid the initial 
ground work demonstrating the ability of phosphonic acids to modify the surface of ZnO 
in a mainly tridentate manner with minimal impact to the underlying surface.  However, 
no work had been done to examine if the modifiers had an impact on the WF of ZnO that 
mirrored what had already been reported for ITO.  Thus, phosphonic acids containing 
inherent molecular dipoles anticipated to either increase or decrease the WF of ZnO that 
has been deposited by atomic layer deposition (ALD) have been examined.  
Investigations have probed whether modification conditions impact the measured WF, 
the ability to spin coat phosphonic acids onto the surface of ZnO, and a direct comparison 
with ITO to determine whether both metal oxides have similar trends in WF changes 
when using the same phosphonic acid modifiers.  Etching of ZnO by these surface 
modifiers has also been examined and pKa measurements conducted in an effort to 
determine the origin of the observed etching. 
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 Chapter 5 discusses research done in collaboration with members of Seth 
Marder’s and Jean-Luc Brédas’ groups at Georgia Tech.  The central theme of the 
chapter is again on the tuning of WF, but instead of examining the use of phosphonic 
acids, redox-active materials that serve as surface dopants are utilized.  As briefly 
mentioned in 1.5.1 research in this area has already shown the ability of small molecules 
and polymers to drastically decrease the WF of gold, ITO, and ZnO.  This chapter 
expands upon that work by examining both n- and p-type dopants that are more strongly 
reducing or oxidizing, respectively, than materials already reported in the literature.  The 
goal of the chapter is to determine if there is a correlation between the oxidation or 
reduction strength of a material and its ability to alter the WF of a metal or metal oxide.  
Similar research has recently been conducted on grapheme using some of the same n-type 
redox active molecules with significant WF decreases.
121
  The chapter presents not only 
experimental evidence, but also theoretical calculations, to examine the origin of the WF 
change due to these surface dopants. 
 Chapter 6 serves as an opportunity to summarize the findings reported throughout 
the thesis and better put these results in context with one another.  This chapter also 
includes a summary of WF values achieved by numerous different phosphonic acids on a 
variety of substrates.  Also presented is a discussion regarding the possible future 
directions of this research. 
  Appendix A focuses on work that was conducted in collaboration with members 
from Elisa Riedo’s and Jennifer Curtis’ groups at Georgia Tech.  This work, while still 
involving the use of surface modification, has been placed in an appendix as its theme is 
significantly different from that of the other chapters.  The goal of this work was to create 
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monolayers with thermally labile protecting groups that could be selectively removed 
through the use of a heated AFM cantilever, a technique known as thermochemical 
nanolithography (TCNL).  Similar work has been previously conducted on polymer based 
samples.
122-124
 However, non-specific binding of materials to the surface is a current 
limitation as well as being limited to only two different polymers that can be used as a 
platform for patterning.  These limitations are what spurred investigation into monolayers 
for use with TCNL.   Reported in this section are the efforts to characterize the thermal 
deprotection of a dimethoxybenzyloxycarbonyl amine protecting group and bulk studies 
conducted on surfaces to examine the ability to deprotect the monolayer and subsequently 
bind materials to the newly created active sites.  
 Appendix B provides a more detailed explanation of how coverage of monolayers 
on surfaces are calculated based on a comparison of XPS data with theoretically 
modelled surfaces.  
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2.1   General Phosphonic Acid Synthetic Techniques 
 There are multiple synthetic pathways that can be used to make phosphonic acids 
with the common intermediate being the formation of a dialkylphosphonate.  Within the 
context of this thesis, techniques such as the Michaelis-Arbuzov reaction and catalytic 
formation of C-P bonds have been utilized.  The final step is to then dealkylate the 
phosphonate and form the phosphonic acid (typically through the use of concentrated 
HCl or trimethylbromosilane (TMSBr)).  There have been multiple review articles as 
well as various books published focusing on the formation of C-P bonds.
1-5
 
2.1.1 The Michaelis-Arbuzov Reaction 
 The most common reaction to form dialkylphosphonates used in this chapter is 
that of the Michaelis-Arbuzov reaction, which is also commonly referred to as the 
Arbuzov reaction.  This particular type of reaction is SN2 in nature and requires the use of 
an alkyl group adjacent to a good leaving group, and a trivalent phosphorus compound 
such as triethylphosphite.  The lone pair on the triethylphosphite attacks the carbon 
adjacent to the halogen (typically bromine or iodine, but other good leaving groups work 
as well).  The leaving group then attacks the carbon adjacent to the O-P bond and the now 
free oxygen lone pair is shared with the phosphorus to create a phosphoryl group, with 
concomitant evolution of an alkyl group attached to the leaving group (often 
ethylbromide or ethyliodide).  The mechanism of this reaction is schematically illustrated 
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in Figure 2.1.  It should be noted that this type of reaction does not work when 
phosphorus is attached to a sp
2
 hybridized carbon, as in the case of aryl halides. 
 
 
Figure 2.1  Mechanism of the Arbuzov reaction using an alkylbromide and 
triethylphosphite.  The product of the reaction is the desired phosphonate and a volatile 
side product such as ethylbromide in this case.  
 
 From a practical standpoint, reactions such as these are straightforward to carry 
out by combining the two starting materials (the halide and triethylphosphite) in a round 
bottom flask and heating the reaction vessel to reflux (140 °C).  The reaction can be done 
solvent free with triethylphosphite serving as the solvent in a large excess (often 3 
equivalents).  It is also possible to conduct this type of reaction through the use of 
microwave irradiation
6
 going to completion on the order of minutes. Purification can then 
be conducted by distillation of the excess triethylphosphite, as the newly formed 
phosphonate will typically have a boiling point in excess of 200 °C.  
2.1.2 Palladium Catalyzed Formation of Phosphonates 
 In order to form phosphonates where the C-P bond forms between an sp
2
 
hybridized carbon and phosphorus, transition metal catalysts are commonly used.  An 
early report used NiCl2 at high temperatures in order to form aryl phosphonates
7
 with the 
use of palladium catalysis later explored as well.
8
  In the case of this chapter, palladium 
catalysis was more commonly used.  The reaction requires the use of an aryl halide and a 
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palladium species where an oxidative addition occurs between the palladium species and 
the aryl halide affording a newly formed complex between the palladium and the arene.  
Dialkylphosphite is then used, which attacks the arene-palladium complex, leading to the 
formation of the arylphosphonate and a base regenerates the palladium catalyst. 
2.1.3 Formation of Phosphonic Acids by Hydrolysis of Phosphonates 
 In order to convert the typically formed diethylphosphonate to the phosphonic 
acid there are two commonly used techniques available.  The most straightforward is the 
dealkylation of phosphonates by refluxing in an excess of hydrochloric acid (typically 8 
M) for several hours.  The phosphonic acid generally precipitates upon cooling.  While 
these conditions are useful for compounds that are very acid stable, an alternative 
technique exists for molecules containing more acid sensitive groups.  This milder 
approach uses trimethylsilylhalides, most typically bromotrimethylsilane (TMSBr).
9
  Use 
of this technique leads to the conversion of the alkyl groups present in the phosphonate to 
trimethylsilyl groups, which can easily be cleaved in an aqueous solution.  Typically 
mixtures of methanol and water are used for this step.  The mechanism of hydrolysis for 




Figure 2.2  Hydrolysis mechanism for the formation of a phosphonic acid from a 
diethylphosphonate through the use of bromotrimethylsilane. 
 
2.2 NMR Spectroscopy of Phosphonic Acids 
  Phosphorus has a spin of 
 
 




C, and thus 
31
P spectroscopy can be 
utilized in order to characterize phosphonic acids and their precursors.  
31
P has a natural 
abundance of 100 % which means acquiring 
31
P NMR data is relatively straightforward.  





spectroscopy.  In the case of 
13





decoupled NMR, thus, one must be chosen at a time and if 
31
P decoupling is used then 
coupling to 
1
H will then be observed, and vice versa.  
31
P NMR spectroscopy is of great 
use in analyzing purity of phosphonates and phosphonic acids as it provides another 
analytical method by which a reaction can be monitored.  In the case of comparing 
phosphonic acids and phosphonates, the phosphonic acid generally appears more upfield 
relative to the phosphonate precursors.  From a practical standpoint, in order to provide a 
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reference point by which to calibrate the spectrum, typically phosphoric acid is used as an 




 In the case of this chapter, another powerful technique is the use of 
19
F NMR 
spectroscopy to characterize compounds and determine purity.  Fluorine has only one 
naturally occurring isotope, which is 
19
F and the overall sensitivity of 
19
F is about 83 % 
that of 
1








F has a nuclear spin of 
 
 
 and thus 
19
F 
spectra that are acquired are typically proton decoupled.  As expected, however, the 




F in close proximity to one another, as is the case for many of 
the molecules shown in this chapter, leads to complex splitting patterns.  There are more 
reference standards available for use in 
19
F NMR compared to that of 
31
P, however, one 
of the more commonly used is that of trifluoroacetic acid, which has a chemical shift set 
to -76.55 ppm.  It should also be noted that chemical shifts for fluorine-containing 
compounds are often difficult to predict and rationalize as the shielding of the 
19
F nucleus 




2.3 Design and Synthesis of Surface Modifiers 
 Prior to examining the experimental details regarding the surface modifiers that 
have been synthesized for use in this thesis, it is important to understand the properties 
that were desired from such modifiers and therefore why particular choices in molecular 
design were made.  It will be noted throughout the text which compounds are new, and 
which compounds have been previously reported in the literature.  Note that in all cases 
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new compounds are blue in color in order to differentiate them from those materials 
previously reported in the literature.    
2.3.1 Phosphonic Acids for Compatibilization with poly(3-hexylthiophene) (P3HT) 
 As noted in Chapter 1, one of the common uses for surface modification is the 
compatibilization of two materials with one another.  This is of particular interest in 
optoelectronic applications such as organic photovoltaics (OPVs) where an organic active 
layer needs to properly interact (e.g. good wetting, minimize delamination, etc.) with an 
inorganic electrode.  One such option to enhance compatibilization is through the 
modification of the surface with a material such as a phosphonic acid having a tail group 
that is similar in nature to the overlayer that will be deposited.  Thus, in the case of an 
organic photovoltaic where materials such as poly(3-hexylthiophene) (P3HT) are 
commonly used, having a surface modifier that is similar in nature to the polymer will 
enhance wetting.  In the case of the phosphonic acids that were designed and synthesized 
in Figure 2.3, the specific application was for a collaboration with Jenny Nelson’s group 
at Imperial College London focused on porous metal oxide:polymer OPVs where device 
performance can be limited mainly by the infiltration of the polymer into the pores of the 
metal oxide (such as titania).
11
  Thus, in an effort to enhance compatibility between the 
titania and P3HT, it was hypothesized that modifying the surface of titania with a 
phosphonic acid similar in structure to a monomer of P3HT, that better polymer 
infiltration (wetting) into the pores of the metal oxide would be observed.  Thus, four 
phosphonic acids were synthesized all containing either a thiophene or hexylthiophene 
moiety.  Both rigid and flexible phosphonic acids were made based on either direct 
phosphorus-thiophene linkage or phosphorus-methylene-thiophene bond, respectively.  
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The position of the hexyl group was also varied thinking that this bulky substituent would 
likely influence the orientation of the modifier on the surface and it was unclear whether 
it would be advantageous to have either the alkylchain or the thiophene group closest to 
the surface.  The results from the use of these phosphonic acids on titania have been 
summarized elsewhere,
11
 but based on initial results, control surfaces without 
modification using these phosphonic acids tended to have higher overall device 
efficiencies.  It remains unclear whether there was an intrinsic problem with the use of 
these modifiers in particular, or if the correct modification conditions for a nanoporous 
structure had not been found.  In either case, further research using these phosphonic 




Figure 2.3  Thiophene based phosphonic acids designed for compatibilization and 
infiltration of P3HT with nanoporous titania.  Note that new compounds are denoted in 
blue. 
 
2.3.2 Phosphonic Acids for Use as Gate Dielectrics in Organic Field Effect 
Transistors (OFETs) 
 Recent results from Thomas Anthopoulos’ group in Imperial College London 
have demonstrated the ability to fabricate low-voltage n-channel transistors using 





  The phosphonic acid used in this previously reported study was a 
long chain alkyl phosphonic acid (octadecylphosphonic acid, ODPA) using fullerene and 
pentacene based active layers.  The molecules shown in Figure 2.4 were designed with 
two expectations in mind: the long alkyl chain should act in a manner similar to what was 
previously observed for ODPA (acting as a dielectric layer as well as enhancing the 
packing ability of the phosphonic acid), and that the termination of the chain with a 
fluorinated arene would allow for favorable interaction between the aromatic 
semiconductor deposited on top of the phosphonic acid monolayer.  Non-fluorinated 
analogues of these molecules were also synthesized in the Marder group by Peter 
Hotchkiss.
13
  Initial exploratory studies using the non-fluorinated modifiers were 
included in a recent patent application, however these particular modifiers have not been 




Figure 2.4  Phosphonic acids synthesized for use as a monolayer gate dielectric in OFET 
devices, consisting of a long alkyl chain to serve as a dielectric layer and fluorinated aryl 
termination for favorable interactions with aromatic overlayers.  Note that new 
compounds are denoted in blue.      
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2.3.3 Perylene Diimide Surface Modifiers to Probe Charge Transfer 
 The efficiency of charge transfer in organic optoelectronic devices can be greatly 
influenced based on the interface between organic active layers and inorganic electrodes.  
The rate of charge transfer between these interfaces depends on multiple factors such as 
charge mobilities, reorganization energies, and offsets in frontier orbital energies.  It is 
also true that when the inorganic surface is modified with a material such as a phosphonic 
acid the structural parameters of the monolayer such as the packing and orientation, may 
greatly influence the efficiency of charge transfer.
15
  Recenly, zinc phthalocyanine 
phosphonic acids (ZnPcPAs) have been used to examine the relationship that exists 
between molecular orientation and charge transfer rates.
15
  One of the issues with using 
this type of modifier to probe such processes on the surface is the tendency of the 
ZnPcPAs to aggregate and form multiple domains on the surface consisting of 
monomeric and aggregated forms of the molecules.  The ZnPcPAs that had been 
originally examined had a long alkyl chain linking the phosphonic acid binding group 
with the core of the zinc phthalocyanine.  It was thought that such aggregation may be 
minimized if a more rigid linker was chosen.  Furthermore, rather than use a 
phthalocyanine core it would be advantageous to be able to conduct electrochemical as 
well as photoluminescence techniques (in addition to more standard characterization such 
as XPS, UPS, and AFM) to probe charge transfer on the surface after modification.  
Thus, perylene diimide (PDI) cores containing aromatic linkers between the binding 
group and the PDI core were thought to fit both of the requirements.  In addition, it was 
unclear how the choice in binding group would impact the charge transfer dynamics after 
modification so in addition to phosphonic acids, carboxylic acid PDI structures would 
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also be examined.  The molecules synthesized for this purpose containing PDI cores and 
either phosphonic or carboxylic acid binding groups are shown in Figure 2.5.  These 
materials were examined by Yilong Zheng from Scott Saavedra’s group and Luis Torres-
Figueroa from Oliver Monti’s group, both at the University of Arizona.  Initial results 
indicated that aggregation was still a problem with these PDI molecules and current next-
generation PDI phosphonic acids are currently being synthesized in the Marder group by 
Fadi Jradi containing steric bulk that would minimize the degree to which such modifiers 
could aggregate with one another. 
 
 
Figure 2.5  Perylene diimide phosphonic acid and carboxylic acid surface modifiers used 
to probe charge transfer on the surface of transparent conducting oxides. 
 
2.3.4 Phosphonic Acids for Altering the Work Function and Wettability of Metal 
Oxides 
 A series of substituted benzyl, alkyl, and fluoroalkyl phosphonic acids were 
synthesized with the purpose of tuning the WF of metal oxide substrates such as ITO 
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(Chapter 3) and ZnO (Chapter 4).  In the case of these surface modifiers, the origin of the 
change in surface properties comes from the molecular dipole inherent within the 
molecule, which, when put on the surface of a metal oxide, forms an interface dipole 
causing a change in properties such as WF.  Similarly, the wettability of a surface can be 
altered by turning what was previously a hydroxyl terminated surface and thus 
hydrophilic, as is the case with materials such as ITO and ZnO, into a surface terminated 
with hydrophobic benzyl, alkyl, and fluoroalkyl groups.  Thus, from a compatibility 
standpoint, surfaces modified with phosphonic acids such as those shown in Figure 2.6 
are more likely to enhance wetting of organics on the surface compared to the bare, 
unmodified metal oxide. In addition to the use of some of the modifiers as outlined in 
Chapters 3 and 4 many of these compounds have been utilized by collaborators at the 
University of Washington, University of Arizona, National Renewable Energy 
Laboratory, and Princeton, and some of these results have already been published in the 
literature.
16-23




Figure 2.6  Aryl, alkyl, benzyl, and fluoroalkyl phosphonic acids synthesized for the 
purpose of altering the WF of metal oxides and enhancing wettability of organic 
overlayers on the modified surfaces. Note that new compounds are denoted in blue.   
 
2.3.5 Surface Modifiers for Nanolithography and Crosslinking 
 The ability to attach a disparate material to a surface is highly desirable.  One of 
the more common uses of such an attachment is the crosslinking of polymers to the 
surface of metal oxides.  Implementing this type of system could prevent problems such 
as delamination
24
 within devices, as well as making them more robust to multiple 
solution based processing procedures by covalently linking the polymer to the surface of 
the substrate.  Figure 2.7 summarizes the molecules that were made for the purposes of 
binding other materials to the substrate.  In the case of the benzophenone terminated (Ar-
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CO-Ar) phosphonic acid and chlorosilane, these modifiers were made with the purpose of 
binding polymeric overlayers to the surface of silicon (in the case of the silane) and ITO 
or other metal oxides (in the case of the phosphonic acid). The photochemistry of 
benzophenone has been well characterized
25-26
 and involves the formation of C-C bonds 
through a process that is shown in Figure 2.8.
27-28
  It is important to note that the 
benzophenone crosslinking shown in Figure 2.8 is not specific to this particular system 
and can be applied to other benzophenone derivatives. Upon photon absorption, 
benzophenone undergoes several photophysical processes, affording a n, π* triplet state, 
which proceeds to the formation of a radical on benzophenone to produce 
benzophenone*.  This radical can perform hydrogen abstraction from the polymer chain 
leaving two radical species, which can then recombine to produce a crosslinked product. 
Examination of using a benzophenone phosphonic acid on indium-tin oxide (ITO) may 
prove useful for organic electronic devices.   
 
 
Figure 2.7  Summary of molecules synthesized for use in Thermochemical 
Nanolithography (alkoxysilane) and covalently binding polymer materials to the surface 




Figure 2.8 General scheme for the crosslinking of a generic polymer chain to the surface 
of a metal oxide upon exposure of a benzophenone phosphonic acid to irradiation.  The 
same principle is also true in the case of the chlorosilane, only the substrate (silica or 
silicon in this case) would be different. 
 
   In the case of the alkoxysilane, this modifier was designed for the purpose of 
Thermochemical Nanolithography (TCNL), which is a technique utilizing a heated 
atomic force microscope cantilever to cause the selective thermal deprotection of a 
protecting group on the surface of a substrate (as discussed in greater detail in Appendix 
A).  The protecting group for this particular modifier is an α,α-dimethyl-3,5-
dimethoxybenzyloxycarbonyl (DDz), which forms a primary amine after deprotection.  
The deprotection products for this molecule are shown in Figure 2.9.  Selectively forming 
this amine on the surface of a substrate enables the subsequent binding in specific areas 
of materials ranging from dyes, nanoparticles, cells, and other molecules.  The basic 
technique is similar to TCNL that has been previously conducted using polymer materials 







Figure 2.9  Expected decomposition products upon heating the alkoxkysilane containing 
the DDz protecting group. 
 
2.4 Conclusions 
 Some of the more commonly used synthetic techniques to form phosphonates and 
phosphonic acids have been briefly outlined in this chapter, as they have been covered in 
greater detail throughout the literature.
1-4
  Dealkylation is an important step in the 
formation of phosphonic acid final products and for the purposes of this thesis, TMSBr 
was used almost exclusively for this conversion.  While the number of commercially 
available phosphonic acids has increased over the last several years, as is evidenced by 
the number and variety of compounds synthesized that the commercially available 
materials do not currently meet the needs of individuals looking to tailor surface 
properties.  However, phosphonic acids are relatively straightforward to synthesize and 
easily purified by recrystallization meaning that phosphonic acids can be readily tailored 
to the needs of a particular type of surface, interface, or application.  In total, 17 
compounds not previously reported in the literature have been synthesized for use in this 
thesis or in projects working with research groups (as noted above).  The following 
experimental section serves as the central location of synthetic details for this thesis and 
subsequent chapters refer back to this section when materials are used.  The only 
materials not discussed in this section are the dimers discussed in Chapter 5 as those were 




 Unless otherwise specified, reactions were conducted at room temperature 





C NMR spectra were acquired on either a Varian 300 MHz or 400 MHz 
spectrometer using the internal solvent peak as reference. 
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P NMR spectra were measured using a Varian 400 MHz spectrometer using a 
capillary tube filled with a solution of 85 % phosphoric acid as an external reference 
(H3PO4, δ = 0 ppm).  Spectra acquired were proton decoupled. 
 
19
F NMR spectra were measured using a Varian 400 MHz spectrometer using a 
capillary tube filled with a dilute solution of trifluoro acetic acid in ethanol (CF3COOH, δ 
= -76.55 ppm).  Spectra acquired were proton decoupled. 
 Elemental analyses were conducted by Atlantic Microlabs, Atlanta, GA always 
analyzing for C and H as well as F and N where applicable. 
 Mass spectra were measured by the Georgia Institute of Technology Bioanalytic 
Mass Spectrometry Facility using either electron impact (EI) on a MicroMass AutoSpec 
M, electrospray ionization (ESI) on an Applied Biosystems QSTAR-XL, or matrix 
assisted laser desorption ionization (MALDI) on an Applied Biosystems 4700 Proteomics 
Analyzer. 
 Compounds that have been previously reported in the literature were 
characterized by NMR spectroscopy and references providing NMR spectra consistent 
with that acquired in-house are provided.  All other compounds not fully characterized in 








P NMR where 
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applicable, high-resolution mass spectrometry, and elemental analysis.  Any exceptions 
where parts of this data could not be acquired is noted in the text below. 




 A solution of n-butyllithium (7.3 mL, 2.5 M in hexanes, 18.3 mmol) was added 
over 10 minutes to a stirred solution of 3.05 g (18.1 mmol) of 2-hexylthiophene in 50 mL 
of freshly distilled THF at  -78 °C under nitrogen.  The solution was allowed to stir for 
one hour at -78 °C and removed from the reaction flask, via syringe, and 3.4 g (18.0 
mmol) of copper (I) iodide was added in 5 mL of THF.  The reaction mixture in the 
syringe was then added to the THF/CuI solution in one portion and a slight exotherm was 
noted.  The temperature of the bath was allowed to increase to between -30 °C and -20 
°C and the mixture stirred for two hours at this temperature.  Diethyl 
iodomethylphosphonate was then added (5.0 g, 18.1 mmol) in one portion and the 
solution was allowed to stir overnight at room temperature.  The resulting dark 
brown/orange reaction mixture was diluted with 100 mL of diethyl ether.  This mixture 
was then filtered through silica gel, eluting with ethyl acetate.  Volatiles were removed 
under reduced pressure and the resulting residue purified by column chromatography 
packed with silica gel (1:1 hexanes:ethyl acetate), affording diethyl (5-hexylthiophen-2-
yl)methylphosphonate as a yellow oil (3.61 g, 63%).  
1
H NMR (399.96 MHz, CDCl3) δ 
6.74 (t, J = 3.60 Hz, 1H), 6.58 (d, J = 3.20 Hz, 1H), 4.05 (m, 4H), 3.27 (d, J = 20.80 Hz), 
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2.72 (t, J = 7.20 Hz, 2H), 1.62 (quin, J = 7.60 Hz, 2H), 1.29 (m, 12H), 0.86 (t, J = 6.80 




H} NMR (100.58 MHz, CDCl3) δ 145.3 (d, J = 4.1 Hz), 129.4 (d, J = 10.4 
Hz), 126.9 (d, J = 8.8 Hz), 123.8 (d, J = 3.4 Hz), 62.3 (d, J = 6.8 Hz), 31.5 (d, J = 1.71 




H} NMR (161.91 MHz, 
CDCl3):  δ 25.24. EI-MS exact mass calculated (found) for [M
+
], m/z: 318.1419 
(318.14311). 
 The phosphonate (1.5 g, 4.7 mmol) was dissolved in 10 mL of anhydrous 
dichloromethane and bromotrimethylsilane (1.9 mL, 14.4 mmol) was added via syringe.  
The system was sealed with a greased stopper and allowed to stir for three hours.  
Volatiles were removed under reduced pressure to produce a yellow-orange oil, which 
was dissolved in a solution of methanol/water (30 mL and 4 mL, respectively) and 
allowed to stir overnight.  After removal of solvent under reduced pressure crystals 
slowly formed.  The product was recrystallized from acetonitrile to produce the title 
compound as slightly off-white crystals (0.99 g, 81%).  
1
H NMR (399.96 MHz, DMSO-
d6) δ 6.48 (t, J = 2.20 Hz, 1H), 6.42 (d, J = 3.20 Hz, 1H), 2.88 (d, J = 20.40 Hz, 2H), 2.50 




H} NMR (100.58 MHz, DMSO-d6) δ 143.3 (d, J = 4.9 Hz), 132.5 (d, J = 13.0 Hz), 
126.0 (d, J = 11.4 Hz), 123.6 (d, J = 3.9 Hz), 31.2, 30.9, 29.8 (d, J = 182.9 Hz), 29.3, 




H} NMR (161.91 MHz, DMSO-d6):  δ 20.74. EI-MS exact mass 
calculated (found) for [M
+
], m/z: 262.0793 (262.07914).  Analysis calculated (found) %:  
C 50.37 (50.22), H 7.30 (7.33).   






 A solution of n-butyllithium (7.8 mL, 2.5 M in hexanes, 18.3 mmol) was added 
over 10 minutes to a stirred solution of 3.1 g (18.1 mmol) of 3-hexylthiophene  in 50 mL 
of freshly distilled THF at  -78 °C under nitrogen.  The solution was allowed to stir for 
one hour at -78 °C and removed from the reaction flask, via syringe, and 3.5 g (18.1 
mmol) of copper (I) iodide was added in 5 mL of THF.  The reaction mixture in the 
syringe was then added to the THF/CuI solution in one portion and a slight exotherm was 
noted.  The temperature of the bath was allowed to increase to between -30 °C and -20 
°C and the mixture stirred for two hours at this temperature.  Diethyl 
iodomethylphosphonate was then added (5.0 g, 18.1 mmol) in one portion and the 
solution was allowed to stir overnight at room temperature.  The resulting dark orange 
reaction mixture was then filtered through silica gel, eluting with ethyl acetate.  Volatiles 
were removed under reduced pressure and the resulting residue purified by column 
chromatography packed with silica gel (1:1 hexanes:ethyl acetate), affording diethyl (4-
hexylthiophen-2-yl)methylphosphonate as a dark orange oil (2.52 g, 44%).  
1
H NMR 
(399.96 MHz, CDCl3) δ 6.80 (dd, J = 4.40, 0.80 Hz, 1H), 6.72 (s, br, 1H), 4.05 (quind, J 
= 7.00, 1.20, 4H), 3.29 (dd, J = 20.59, 0.40 Hz, 2H), 2.52 (t, J = 7.60 Hz, 2H), 1.55 (quin, 




H} NMR (100.58 MHz, 
CDCl3) δ 143.2 (d, J = 3.1 Hz), 131.9 (d, J = 10.1 Hz), 128.7 (d, J = 8.3 Hz), 119.1 (d, J 
= 3.4 Hz), 62.3 (d, J = 6.7 Hz), 31.6, 30.3 (d, J = 11.6 Hz), 28.9, 28.8, 27.4, 22.5, 16.3 (d, 
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H} NMR (161.91 MHz, CDCl3):  δ 25.01. EI-MS exact mass 
calculated (found) for [M
+
], m/z: 318.1419 (318.14044).  Analysis calculated (found) %: 
C 56.58 (56.31), H 8.55 (8.56). 
 The phosphonate (1.5 g, 4.8 mmol) was dissolved in 10 mL of anhydrous 
dichloromethane and bromotrimethylsilane (1.9 mL, 14.4 mmol) was added via syringe.  
The system was sealed with a greased stopper and allowed to stir for three hours.  
Volatiles were removed under reduced pressure to produce an oil, which was dissolved in 
5:1 methanol:water (42 mL) and allowed to stir overnight.  After removal of solvent 
under reduced pressure crystals slowly formed.  The product was recrystallized from 
acetonitrile to produce the title compound as slightly off-white, shiny, fluffy crystals (1.1 
g, 85%).  
1
H NMR (399.96 MHz, DMSO-d6) δ 6.88 (s, 1H), 6.76 (d, J = 2.00 Hz, 1H), 
3.1 (d, J = 20.80 Hz, 2H), 2.48 (t, J = 7.60 Hz, 2H), 1.53 (quin, J = 7.60 Hz, 2H), 1.27 




H} NMR (100.58 MHz, DMSO-d6) δ 141.9 (d, J 
= 3.0 Hz), 134.9 (d, J = 9.4 Hz), 127.8 (d, J = 8.0 Hz), 118.5 (d, J = 3.4 Hz), 31.0, 30.4, 




H} NMR (161.91 MHz, DMSO-d6):  δ 
20.68.  EI-MS exact mass calculated (found) for [M
+
], m/z: 262.0793 (262.07509).  
Analysis calculated (found) %:  C 50.37 (50.52), H 7.30 (7.24).  





 In a microwave tube under a flow of nitrogen was combined 2-bromo-3-
hexylthiophene (1.00 g, 4.05 mmol), palladium (II) chloride (73 mg, 0.4 mmol), and 
triethyl phosphite (0.73 mL, 4.20 mmol).  The vessel was sealed and irradiated in a CEM 
Discover microwave for five minutes at 100 Watts (generally reaching a maximum 
temperature of 150 °C).  The resulting dark reaction was diluted in 20 mL of diethyl ether 
and gravity filtration used to remove the catalyst.  Removal of solvent under reduced 
pressure produced a dark oil, which was purified by column chromatography packed with 
silica gel (2:1 hexanes:ethyl acetate) to afford diethyl 3-hexylthiophen-2-ylphosphonate  
(1.42 g, 58% for a combination of two runs).  
1
H NMR (399.96 MHz, CDCl3) δ 7.53 (t, J 
= 3.60 Hz, 1H), 7.03 (t, J = 6.00 Hz, 1H), 4.11 (m, 4H), 2.84 (td, J = 4.00, 1.20 Hz, 2H), 





(100.58 MHz, CDCl3) δ 152.4 (d, J = 13.2 Hz), 131.9 (d, J = 7.8 Hz), 130.5 (d, J = 19.2 
Hz), 121.4 (d, J = 104.6 Hz), 62.3 (d, J = 5.3 Hz), 31.6, 30.8, 29.7 (d, J = 2.2 Hz), 29.2, 




H} NMR (161.91 MHz, CDCl3):  δ 13.45.  EI-MS 
exact mass calculated (found) for [M
+
], m/z: 304.1262 (304.12724).  Analysis calculated 
(found) %:  C 55.24 (55.23) H 8.28 (8.30). 
 The phosphonate (1.0 g, 3.35 mmol) was dissolved in 10 mL of dry 
dichloromethane and 1.2 mL (9.2 mmol) of bromotrimethylsilane was added via syringe.  
The system was sealed with a greased stopper and allowed to stir overnight.  Volatiles 
were removed under reduced pressure to produce a viscous, brown oil, which was 
dissolved in a mixture of methanol/water (16 mL and 3.5 mL, respectively) and allowed 
to stir overnight.  After removal of solvent under reduced pressure crystals slowly 
formed.  The resulting solid was recrystallized from hexanes to produce the title 
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compound as light tan colored crystals (0.5 g, 93%).  
1
H NMR (399.96 MHz, DMSO-d6) 
δ 7.65 (m, 1H), 7.04 (t, J = 4.00 Hz, 1H), 2.77 (t, J = 8.00 Hz, 2H), 1.55 (m, 2H), 1.26 




H} NMR (100.58 MHz, DMSO-d6) δ 148.8 (d, J = 6.2 Hz), 
130.2 (d, J = 71.5 Hz), 129.9 (d, J = 6.9 Hz), 127.7 (d, J = 199.5 Hz), 31.1, 30.3, 29.0 (d, 




H} NMR (161.91 MHz, DMSO-d6):  δ 7.70.  EI-MS 
exact mass calculated (found) for [M
+
], m/z: 248.0636 (248.06319).  Analysis calculated 
(found) %:  C 48.38 (48.55), H 6.90 (6.82).   




 A solution of n-butyllithium (7.1 mL, 2.5 M in hexanes, 17.8 mmol) was added 
over 10 minutes to a stirred solution of 1.50 g (17.8 mmol) of thiophene in 50 mL of 
freshly distilled THF at -78 °C under nitrogen.  The solution was allowed to stir for one 
hour at -78 °C and removed from the reaction flask, via syringe, and 3.4 g (17.9 mmol) of 
copper (I) iodide was added in 5 mL of THF.  The reaction mixture in the syringe was 
then added to the THF/CuI solution in one portion and a slight exotherm was noted.  The 
temperature of the bath was allowed to increase to between -30 °C and -20 °C and the 
mixture stirred for two hours.  Diethyl iodomethylphosphonate was then added (5.0 g, 
18.0 mmol) in one portion and the solution was allowed to stir overnight at room 
temperature.  The resulting dark brown/orange reaction mixture was diluted with 100 mL 
of diethyl ether.  This mixture was then filtered through silica gel, eluting with ethyl 
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acetate.  Volatiles were removed under reduced pressure and the resulting viscous dark 
orange oil purified by column chromatography packed with silica gel (1:1 hexanes:ethyl 
acetate), affording diethyl thiophen-2-ylmethylphosphonate as a yellow oil (1.7 g, 40%) 
of 93% pure product.  
1
H NMR (300.23 MHz, CDCl3) δ 6.96 (m, 1H), 6.83 (m, 1H), 6.74 
(m, 1H), 3.90 (m, 4H), 3.14 (m, 2H), 2.62 (impurity), 1.00 (t, J = 7.21, 6H).  This is a 
commercially available product and has been previously reported in the literature.
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 The phosphonate (1.0 g, 4.4 mmol) was dissolved in 18 mL of anhydrous 
dichloromethane and bromotrimethylsilane (2.5 mL, 18.9 mmol) was added via syringe.  
The system was sealed with a greased stopper and allowed to stir for three hours.  
Volatiles were removed under reduced pressure to produce a yellow-orange oil, which 
was dissolved in a solution 10:1 methanol:water (33 mL) and allowed to stir overnight.  
After removal of solvent under reduced pressure a solid formed.  The product was 
recrystallized from acetonitrile to crystallize and form the title compound as fluffy, 
colorless needles (0.50 g, 66%).  
1
H NMR (300.23 MHz, DMSO-d6) δ 7.31 (m, 1H), 6.92 




H} NMR (100.58 MHz, DMSO-d6) δ 135.2 (d, 
J = 9.2 Hz), 126.6 (d, J = 3.0 Hz), 126.5 (d, J = 8.2 Hz), 124.2 (d, J = 3.3 Hz), 29.5 (d, J 




H} NMR (161.91 MHz, DMSO-d6):  δ 20.6.  EI-MS exact mass 
calculated (found) for [M
+
], m/z:  177.9854 (177.98791).  Analysis calculated (found) %:  
C 33.71 (33.87), H 3.96 (3.92).  This product has been previously reported in the 
literature,
32
 but had not been fully characterized. 






 In a microwave tube under a flow of nitrogen was combined hexafluorobenzene 
(1.97 g, 10.6 mmol), diethyl 11-hydroxyundecylphosphonate (4.23 g, 13.7 mmol), and 
solid sodium hydroxide (0.85 g, 21.3 mmol).  The vessel was sealed and irradiated in a 
CEM Discover microwave ramping to 135 °C and holding that temperature for 2 
minutes.  The resulting yellow mixture was poured into water, acidified with 1 M HCl, 
and extracted with ether.  The organic layer was washed three times each with dilute 
aqueous sodium hydroxide, water, brine, and dried over magnesium sulfate.  Volatiles 
were removed under reduced pressure to afford a slightly yellow, viscous oil which was 
purified by column chromatography packed with silica gel (1:1 chloroform:ethyl acetate) 
to afford diethyl 11-hydroxyundecylphosphonate (1.71 g, 34%).  
1
H NMR (399.96 MHz, 





(125.8 MHz, CDCl3) δ 141.7 (d, J = 248.6 Hz), 138.9 (d, J = 101.3 Hz), 136.6 (d, J = 
111.1 Hz,), 133.7 (d, J = 4.5 Hz), 75.8, 61.3 (d, J = 6.5 Hz), 30.6 (d, J = 17.0 Hz), 29.8, 




H} NMR (161.91 MHz, 
CDCl3): δ 33.30. 
19
F NMR (376.28 MHz, CDCl3): δ -155.86 (m, 2F), -162.44 (m, 2F), 
162.81 (m, 1F), from trifluoro acetic acid.  EI-MS exact mass calculated (found) for 
[M
+
], m/z:  474.1958 (474.1951).  Analysis calculated (found) %:  C 53.16 (52.98), H 
6.80 (6.97), F 20.02 (19.79). 
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 A solution of diethyl 11-hydroxyundecylphosphonate (1.01 g, 2.1 mmol) in 15 
mL of dry dichloromethane and 1.1 mL (8.3 mmol) of bromotrimethylsilane was made. 
The system was sealed with a greased stopper and allowed to stir overnight.  Volatiles 
were removed under reduced pressure to produce a viscous, brown oil, which was 
dissolved in 20 mL of a 4:1 methanol:water solution and allowed to stir for six hours.  
After removal of solvent under reduced pressure an off white solid formed, which was 
recrystallized from acetonitrile to afford while crystals of 11-
(perfluorophenoxy)undecylphosphonic acid (0.84 g, 94%).  
1
H NMR (399.96 MHz, 





(100.58 MHz, DMSO-d6) δ 75.5, 30.0 (d, J = 16.0 Hz), 29.1, 28.9, 28.8, 28.6, 28.5, 28.1, 





H} NMR (161.91 MHz, DMSO-d6) δ 27.71.  
19
F NMR (376.28 MHz, 
DMSO-d6): δ 155.47 (m, 2F), 162.20 (m, 2F), 162.82 (m, 1F), from trifluoro acetic acid.  
Analysis calculated (found) %:  C 48.81 (48.95), H 5.78 (5.68), F 22.71 (22.76). 




 Under an inert atmosphere was combined potassium hydroxide (0.57g, 10.2 
mmol), pentafluorobenzylbromide (1.4 mL, 9.95 mmol), diethyl 11-
hydroxyundecylphosphonate (3.05 g, 9.89 mmol), and tetrabutylammonium iodide (0.01 
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g, 0.03 mmol) with anhydrous THF.  The mixture was allowed to stir at 65 °C for 
approximately 9 hours and filtered through a thin layer of silica gel, eluting with THF.  
Volatiles were removed under reduced pressure and the reaction mixture was distilled 
utilizing Kugelrohr distillation (0.18 Torr, 250 °C) to afford impure diethyl 11-
(perfluorobenzyloxy)undecylphosphonate.  The impure material was subsequently 
purified by column chromatography packed with silica gel (hexane:ethyl acetate gradient) 
to afford 0.91 g (19%) of diethyl 11-(perfluorobenzyloxy)undecylphosphonate.  
1
H NMR 
(399.96 MHz, CDCl3) δ 4.56 (t, J = 1.8 Hz, 2H), 4.08 (m, 4H), 3.47 (t, J = 6.6 Hz, 2H), 




H} NMR (125.8 MHz, CDCl3) δ 145.6 (d, J = 246.4 Hz), 
141.2 (d, J = 261.8 Hz), 137.3 (d, J = 270.7 Hz), 111.5, 71.1, 61.3 (d, J = 6.5 Hz), 59.4, 
32.8, 30.7, 30.5, 29.5, 29.3, 29.0, 26.2, 25.9, 25.1, 22.4 (d, J = 5.3 Hz), 16.4 (d, J = 6.0 
Hz). Analysis calculated (found) %:  C 54.09 (54.30), H 7.02 (7.07), F 19.45, 19.16). 
Exact mass calculated (found) for [M+H]
+
, m/z: 488.2115 (488.2115). 
 A solution of diethyl 11-(perfluorobenzyloxy)undecylphosphonate (0.63 g, 1.3 
mmol) in 15 mL of dry dichloromethane and 0.7 mL (5.3 mmol) bromotrimethylsilane 
was made.  The system was sealed with a greased stopper and allowed to stir overnight.  
Volatiles were removed under reduced pressure to produce a viscous, brown oil, which 
was dissolved in 25 mL of a 4:1 methanol:water solution and allowed to stir for six hours.  
After removal of solvent under reduced pressure an off white solid formed, which was 
recrystallized from a minimal amount of acetonitrile to afford white crystals of 11-
(perfluorobenzyloxy)undecylphosphonic acid (0.49 g, 92%).  
1
H NMR (399.96 MHz, 





H} NMR (100.58 MHz, DMSO-d6) δ  104.5, 69.9, 58.8, 30.1, 29.9, 28.9, 28.8, 
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H} NMR (161.91 MHz, DMSO-
d6) δ 27.63.  
19
F NMR (376.28 MHz, DMSO-d6): δ -141.86 (m, 2F), -152.95 (m, 1F), -
160.88 (m, 2F), from trifluoro acetic acid.  Analysis calculated (found):  C 50.00 (50.16), 
H 6.06 (6.23), F 21.97 (21.79). Exact mass calculated (found) for [M–H]
–
, m/z: 432.1489 
(432.1487). 




 A solution of 10-bromodecan-1-ol (25.5 mL, 127.9 mmol) in 200 mL of 
anhydrous dichloromethane was cooled to 0 °C.  Triethylamine (17.8 mL, 127.7 mmol) 
dried over molecular sieves was subsequently added and allowed to stir for several 
minutes before adding a solution of acetyl chloride (10.8 mL, 151.8 mmol) in 50 mL of 
anhydrous dichloromethane to the reaction flask over the course of an hour.  To the 
resulting cloudy solution was added an additional 100 mL of anhydrous dichloromethane 
and the solution was allowed to stir at 0 °C for an additional 2 hours and subsequently 
allowed to stir at room temperature for 5 hours.  The reaction was quenched by adding 
water and the organic layer was collected and washed twice with water, three times with 
a saturated sodium bicarbonate solution, three times with brine, and dried over 
magnesium sulfate.  After filtering and subsequent removal of volatiles under reduced 
pressure 10-bromodecyl acetate was obtained as a clear oil (32.3 g, 91.3%, AJG-II-
197B).  
1
H NMR (399.96 MHz, CDCl3) δ 4.04 (t, J = 6.8 Hz, 2H), 3.40 (t, J = 6.8 Hz, 
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NMR (100.58 MHz, CDCl3) δ  171.3, 64.8, 34.1, 33.0, 29.5 (two distinct peaks separated 
by 5.0 Hz, 2C), 29.3, 28.9, 28.7, 28.3, 26.0, 21.2.  Elemental Analysis calculated (found):  
C 51.62 (51.58), H 8.30 (8.52).  EI-MS exact mass calculated (found), m/z:  278.0881 
(278.0908). 
 A mixture of 10-bromodecyl acetate (30.2 g, 108.2 mmol) and triethyl phosphite 
(57.0 mL, 327.6 mmol) was heated under a nitrogen atmosphere at 130 °C for two days.  
Excess triethyl phosphite and other side products were removed under reduced pressure 
(0.3 torr) at 90 °C overnight.  Unreacted starting material was removed on a silica gel 
plug, eluting with 2:1 hexane:ethyl acetate then slowly increasing to pure ethyl acetate in 
order to isolate the desired compound, 10-(diethoxyphosphoryl)decyl acetate as a clear 
oil (25.5 g, 94%, AJG-II-199E).  
1
H NMR (300.23 MHz, CDCl3) δ 4.08 (m, 6H), 2.04 (s, 
3H), 1.80-1.59 (m, 6H), 1.36-1.27 (m, 18H).  EI-MS exact mass calculated (found), m/z:  
336.2066 (336.2049). 
 10-(Diethoxyphosphoryl)decyl acetate (25.4 g, 75.5 mmol) was dissolved in 150 
mL of methanol and to this solution added potassium carbonate (13.5 g, 97.7 mmol) 
dissolved in 150 mL of water.  The resulting mixture was heated at 85 °C for two days.  
The reaction mixture was washed three times with diethyl ether.  The collected organic 
phases were subsequently washed three times each with water followed by brine and 
dried over magnesium sulfate.  After filtering and removing volatiles under reduced 
pressure the crude material was purified on a silica gel plug eluting first with chloroform 
and then 95:5 ethyl acetate:methanol, which afforded diethyl 10-





(300.23 MHz, CDCl3) δ 4.07 (m, 4H), 3.61 (appears as q, J = 6.3 Hz, 5.1, 2H), 1.73-1.52 




H} NMR (100.58 MHz, CDCl3) δ  62.9, 61.5 (d, J = 
7.0 Hz, 2C), 32.9, 30.7 (d, J = 17.1 Hz), 29.6, 29.5, 29.4, 29.1 (d, J = 1.0 Hz), 25.9, 25.8 




H} NMR (161.91 
MHz, CDCl3): δ 33.4.  EI-MS exact mass calculated (found), m/z:  294.1960 (294.1960). 
 Diethyl 10-(8-bromooctyloxy)decylphosphonate (7.1 g, 24.1 mmol), potassium 
hydroxide (1.5 g, 26.7 mmol), and aliquat 336 (0.22 mL, 0.5 mmol) were allowed to stir 
for approximately 15 minutes.  1,8-dibromooctane (18 mL, 97.1 mmol) was then added 
via syringe and the bright yellow solution turned cloudy.  The reaction mixture was 
heated to 50 °C for 6 hours and then 80 °C overnight.  Excess dibromide was removed 
with a silica gel plug, eluting with hexanes followed by 95:5 ethyl acetate:methanol to 
isolate a clear, slightly yellow oil of diethyl 10-(8-bromooctyloxy)decylphosphonate (6.7 
g, 81%, AJG-II-221C).  
1
H NMR (300.23 MHz, CDCl3) δ 4.06 (m, 4H), 3.35 (m, 6H), 




H} NMR (75.5 MHz, CDCl3) δ 71.1 (two 
close but distinct peaks separated by 7.6 Hz, 2C), 61.5 (d, J = 9.0 Hz, 2C), 34.2, 32.9, 
30.8 (d, J = 23.1 Hz), 29.9, 29.8, 29.7, 29.6, 29.4, 29.2 (two closely spaced peaks 
separated by 0.8 Hz), 28.9, 28.3, 26.3, 26.2, 25.8 (d, J = 139.7 Hz), 22.5 (d, J = 5.3 Hz), 
16.6 (d, J = 6.0 Hz, 2C).  Elemental Analysis calculated (found):  C 54.43 (54.52), H 9.55 
(9.80).  EI-MS exact mass calculcated (found):  484.2317 (484.2295). 
 Diethyl 10-(8-bromooctyloxy)decylphosphonate (5.6 g, 11.5 mmol), was 
dissolved in 50 mL of anhydrous DMF under a flow of nitrogen.  Glacial acetic acid was 
then added to this solution (4.4 mL, 73.0 mmol) via syringe along with solid potassium 
carbonate (12.7 g, 92.2 mmol).  The mixture was allowed to stir at room temperature for 
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three days.  Water was added to the reaction mixture and the desired product extracted 
with dichloromethane.  The organic washings were collected, washed three times each 
with water followed by brine and dried over solid sodium sulfate.  Volatiles were 
removed under reduced pressure to afford 8-((10-(diethoxyphosphoryl)decyl)oxy)octyl 
acetate as a clear oil (4.5 g, 9.7 mmol, 85%).   
1
H NMR (399.96 MHz, CDCl3) δ 4.08-
3.97 (m, 6H), 3.33 (td, J = 8.0 Hz, 4.0 Hz, 4H), 1.98 (s, 3H), 1.70 – 1.50 (m, 10H), 1.28-




H} NMR (100.58 MHz, CDCl3) δ  171.4, 71.1, 71.0, 64.8, 61.5 (d, 
J = 7.0 Hz, 2C), 30.7 (d, J = 17.1 Hz), 29.9 (two close but distinct carbons separated by 
3.0 Hz, 2C), 29.7, 29.6, 29.5 (two close but distinct peaks separated by 3.0 Hz, 2C), 29.3, 
29.2 (d, J = 2.0 Hz), 28.73, 26.3 (two peaks seaparated by 7.0 Hz, 2C), 26.0, 25.8 (d, J = 




H} NMR (161.91 
MHz, CDCl3): δ 33.32.  EI-MS exact mass calculated (found), m/z:  464.3267 
(464.3246). 
 8-((10-(Diethoxyphosphoryl)decyl)oxy)octyl acetate (4.7 g, 10.1 mmol) was 
dissolved in 50 mL of methanol and a solution of potassium carbonate (1.9 g, 13.7 mmol) 
in approximately 30 mL of water was added.  This milky white solution was stirred under 
nitrogen at 85 °C for two days.  The desired product was extracted with ethyl acetate 
three times and combined.  The combined organic layers were subsequently washed three 
times each with water and brine, dried over sodium sulfate, filtered, and volatiles 
removed under reduced pressure.  The resulting oil was purified by Kugelrohr distillation 
(0.09 Torr, 235 °C) to produce diethyl (10-((8-hydroxyoctyl)oxy)decyl)phosphonate as a 
clear oil (3.4 g, 81%).   
1
H NMR (300.23 MHz, CDCl3) δ 4.13-4.02 (m, 4H), 3.62 (t, J = 







NMR (100.58 MHz, CDCl3) δ  71.0 (two close but distinct peaks separated by 2.0 Hz, 
2C), 62.9, 61.5 (d, J = 7.0 Hz, 2C), 32.9, 30.7 (d, J = 17.1 Hz), 29.9, 29.6 (two close but 
distinct peaks separated by 6.0 Hz, 2C), 29.5 (two close but distinct peaks separated by 
1.0 Hz, 2C), 29.4, 29.2 (two close but distinct peaks separated by 1.0 Hz, 2C), 26.3 (two 
close but distinct peaks separated by 4.0 Hz, 2C), 25.9, 25.8 (d, J = 140.7 Hz), 22.5 (d, J 




H} NMR (161.91 MHz, CDCl3): δ 33.39.  
Elemental analysis calculated (found):  C 62.53 (62.28), H 11.21 (11.13).  EI-MS exact 
mass calculated (found), m/z:  422.3161 (422.3131). 




 In a microwave tube equipped with a stir bar was combined diethyl (10-((8-
hydroxyoctyl)oxy)decyl)phosphonate (0.4 g, 0.9 mmol), hexafluorobenzene (0.25 mL, 
2.2 mmol), and finely ground sodium hydroxide (0.06 g, 1.5 mmol).  The vessel was 
sealed, purged with nitrogen, and placed in a CEM Discover microwave.  The tube was 
irradiated with 100 Watts for a total of 7 minutes (achieving a maximum temperature of 
approximately 175 °C).  The reaction mixture was purified by silica gel column 
chromatography (1:1 hexanes:ethyl acetate) to isolate 0.2 g of diethyl (10-((8-
(perfluorophenoxy)octyl)oxy)decyl)phosphonate as a clear oil (41%).  The reaction 





H NMR (399.96 MHz, CDCl3) δ 4.10-3.99 (m, 6H), 3.33 (td, J = 8.0, 4.0 Hz, 




H} NMR (100.58 
MHz, CDCl3) δ  143.4-140.7 (m, 2C), 139.6-136.81 (m, 2C), 138.6-136.1 (m), 134.0 (m), 
76.0, 71.0 (two closely spaced peaks separated by 9.0 Hz, 2C), 61.5 (d, J = 6.0 Hz, 2C), 
30.7 (d, J = 17.1 Hz), 29.9 (three closely spaced peaks separated by 2.0 and 4.0 Hz, 
respectively), 29.7, 29.6, 29.5, 29.3, 29.2, 26.5, 26.3 (two closely spaced peaks separated 









H} NMR (376.28 MHz, CDCl3): δ -155.84 
(apparent d, J = 18.82 Hz, 2F), -162.56 (broad t, J = 18.82 Hz, 2F), -162.95 (m, 1F) 
trifluoro acetic acid standard.  Elemental analysis calculated (found):  C 57.13 (56.89), H 
7.88 (7.89), F 16.14 (15.92).  EI-MS exact mass calculated (found), m/z:  588.3003 
(588.2969). 
 A solution of diethyl (10-((8-(perfluorophenoxy)octyl)oxy)decyl)phosphonate 
(0.5 g, 0.8 mmol) in 30 mL of dry dichloromethane and 0.5 mL (3.8 mmol) of 
bromotrimethylsilane was made.  The system was sealed with a greased stopper and 
allowed to stir for 8 hours.  Volatiles were removed under reduced pressure to produce a 
viscous oil, which was dissolved in 30 mL of a 4:1 methanol:water solution and allowed 
to stir overnight.  After removal of solvent under reduced pressure a white solid was 
collected and subsequently recrystallized from acetonitrile.  This produced (10-((8-
(perfluorophenoxy)octyl)oxy)decyl)phosphonic acid as a white solid (0.37 g, 83%). 
1
H 
NMR (399.96 MHz, DMSO-d6) δ 4.17 (t, J = 8.0 Hz, 2H), 3.31 (t, J = 8 Hz, 4H), 1.69 




H} NMR (100.58 MHz, THF-d8) δ  
144.4-141.7 (m, 2C), 139.1 (dtt, J = 249.2, 12.1, 4.0 Hz, 2C), 138.2 (dtt, J = 250.2, 13.1, 
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4.0 Hz), 135.1 (td, J = 13.1, 6.0 Hz), 76.9 (t, J = 2.6 Hz), 71.7 (2 close peaks separated by 
6.4 Hz, 2C), 31.8 (d, J = 16.6 Hz), 31.0, 30.9 (2 close peaks separated by 5.8 Hz, 2C), 
30.8, 30.6 (2 close peaks separated by 3.5 Hz, 2C), 30.5, 30.4, 30.3, 28.0 (d, J = 142.2 




F} NMR (100.58 MHz, THF-d8) δ  








H} NMR (376.28 MHz, THF-d8): δ -157.12 (m, 2F), -164.59 (m, 2F), -165.26 
(apparent tt, J = 21.8, 3.0 Hz, 1F) trifluoro acetic acid standard.  Elemental analysis 
calculated (found): C 54.13 (54.43), H 7.19 (7.23), F 17.84 (17.75).  EI-MS exact mass 
calculated (found) for [M+H]
+
, m/z:  532.2377 (532.2344). 




 A mixture of diethyl (10-((8-hydroxyoctyl)oxy)decyl)phosphonate (1.5 g, 3.5 
mmol), solid, finely ground potassium hydroxide (0.3 g, 5.3 mmol), and Aliquat 336 (0.2 
mL, 0.4 mmol) was made in a round bottom flask equipped with a magnetic stirrer.  The 
mixture was allowed to stir for 10 minutes, after which pentafluorobenzyl bromide was 
added (1 mL, 7.1 mmol).  The mixture was allowed to stir at room temperature for two 
days.  The reaction mixture was filtered through silica gel (eluting with ethyl acetate) to 
afford a yellow tinged oil.  The oil was purified by silica gel column chromatography (1:1 
hexanes:ethyl acetate) to give diethyl (10-((8-
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((perfluorophenyl)methoxy)octyl)oxy)decyl)phosphonate as a clear oil (1.0 g, 1.8 mmol, 
49%).  
1
H NMR (399.96 MHz, CDCl3) δ  4.57 (broad s, 2H), 4.13-4.03 (m, 4H), 3.47 (t, J 




H} NMR (100.58 MHz, 
CDCl3) δ 147.1-145.9 (m, 2C), 142.8-140.0 (m, 2C), 138.98-136.11 (m), 111.9-111.5 
(m), 71.2, 71.1 (two close but distinct peaks separated by 5.0 Hz, 2C), 61.5 (d, J = 6.0 
Hz, 2C), 59.6, 30.7 (d, J = 17.1 Hz), 29.9 (two close but distinct peaks separated by 3.0 
Hz, 2C), 29.6 (three close but distinct peaks separated by 2.0 and 4.0 Hz, respectively, 
3C), 29.5, 29.4 (two close but distinct peaks separated by 2.0 Hz, 2C), 29.2 (two close but 
distinct peaks separated by 1.0 Hz), 26.3 (two close but distinct peaks separated by 6.0 








H} NMR (376.28 MHz, CDCl3): δ -
141.82 - -141.90 (m, 2F), -153.06 (t, J = 20.70 Hz, 1F), -161.02, -161.13 (m, 2F) trifluoro 
acetic acid standard.  Elemental analysis calculated (found):  C 57.80 (57.52), H 8.03 
(8.10), F 15.76 (15.50).  EI-MS exact mass calculated (found), m/z:  602.3160 
(302.3147). 
 A solution of diethyl (10-((8-
((perfluorophenyl)methoxy)octyl)oxy)decyl)phosphonate (0.5 g, 0.83 mmol) in 30 mL of 
dry dichloromethane and bromotrimethylsilane (0.5 mL, 3.8 mmol) was made.  The 
system was sealed with a greased stopper and allowed to react for approximately 8 hours.  
Volatiles were removed under reduced pressure to produce a viscous oil, which was 
dissolved in 30 mL of 4:1 methanol:water solution and allowed to stir overnight to 
produce a solid suspended in the liquid.  After removal of solvent under reduced pressure 
the white solid was recrystallized from acetonitrile to afford (10-((8-
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((perfluorophenyl)methoxy)octyl)oxy)decyl)phosphonic acid as a white solid (0.4 g, 0.8 
mmol, 94%).  
1
H NMR (399.96 MHz, DMSO-d6) δ 9.60 (s, 2H), 4.57 (s, 2H), 3.46 (t, J 





(100.58 MHz, THF-d8) δ  148.1-145.4 (m, 2C), 143.6-140.77 (m, 2C), 139.9-137.1 (m), 
113.3 (td, J = 18.1 Hz, 3.0 Hz), 71.7 (3 close peaks separated by 1.9 and 4.0 Hz from 
center peak), 60.2, 31.8 (d, J = 17.1 Hz), 31.0 (2 close peaks separated by 4.2 Hz, 2C), 
30.8, 30.7 (2 close peaks separated by 1.8 Hz, 2C), 30.6 (2 close peaks separated by 4.8 
Hz, 2C), 30.5, 30.4, 28.0 (d, J = 142.1 Hz), 27.4 (2 close peaks separated by 6.7 Hz, 2C), 









NMR (376.28 MHz, DMSO-d6): δ -141.82 (m, 2F), -153.00 (apparent t, J = 20.7 Hz, 1F), 
-160.88 (m, 2F); trifluoro acetic acid standard.  Elemental analysis calculated (found): C 
54.94 (54.89), H 7.38 (7.27), F 17.38 (17.19).  EI-MS exact mass calculated (found) for 
[M-H]
-






 In an oven dried three neck round bottom flask equipped with a septum, addition 
funnel, and reflux condenser under nitrogen was added lithium aluminum hydride (5.2 g, 
135.7 mmol) and anhydrous THF (32 mL, 395.9 mmol).  The slurry was cooled to 0 °C 
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under inert atmosphere and a solution of tricosan-12-one oxime (20 g, 56.6 mmol) in 
anhydrous THF was added dropwise over the course of 5 minutes.  Following complete 
addition the reaction mixture was allowed to warm to room temperature, stirred at room 
temperature for one hour, and heated to reflux for 3 hours.  The mixture was then allowed 
to cool to room temperature and stir overnight.  Excess lithium aluminum hydride was 
quenched by cooling the mixture to 0 °C and slowly adding water to the reaction mixture.  
The desired product was extracted three times with ethyl acetate, washed with 20 % 
NaOH in DI water, water, dried over magnesium sulfate.  Drying under reduced pressure 
afforded tricosan-12-amine as a white solid (17.1 g, 89 %).  
1
H NMR (399.96 MHz, 
CDCl3) δ 1.40 – 1.26 (m, br, 42H), 0.88 (t, J = 6.8 Hz, 6H). The 
1
H NMR spectrum was 
consistent with that reported in the literature.
33
  
 In a round bottom flask 1,2-tricosanone (80 g, 236.3 mmol), hydroxylamine 
hydrochloride (39.3 mL, 945 mmol), pyridine (133.8 mL, 1653.8 mmol), and ethanol 
(200 mL) were combined.  The solution was allowed to stir under nitrogen and heated to 
reflux overnight.  Upon cooling, the reaction mixture was poured into water and the 
desired product extracted with hexane, washed with water, dried over magnesium sulfate, 
filtered, and volatiles removed under reduced pressure to afford tricosan-12-amine (81.4 
g, 97 %).  
1
H NMR (399.96 MHz, CDCl3) δ 2.34 – 2.30 (m, 2H), 2.17 – 2.13 (m, 2H), 
1.49 – 1.45 (m, 4H), 1.26 (s, br, 32 H), 0.88 (t, 6H, J = 6.4 Hz). 
 In a pressure vessel 3,4,9,10-perylenetetracarboxylic dianhydride (6.0 g, 15.3 
mmol), tricosan-12-amine (12.0 g, 35.1 mmol), zinc (II) acetate (1.7 g, 9.2 mmol), and 
imidazole (70.6 g, 1037.7 mmol) were combined.  The pressure vessel was flushed with 
nitrogen, sealed, and the mixture of solids was heated to 180 °C overnight.  Upon cooling 
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400 mL of 2 N HCl was added and the desired product extracted with chloroform.  The 
organic phase was washed with water, dried over magnesium sulfate, and purified on a 
silica gel plug eluting with 1:1 chloroform:hexane.  Removal of volatiles afforded N,N'-
bis(1-undecyl-dodecyl)-perylene-3,4,9,10-tetracarboxylic diimide as a red solid (12.5 g, 
79 %, AJG-III-090A).  
1
H NMR (399.96 MHz, CDCl3) δ 8.64 (m, 8H), 5.22 – 5.15 (m, 
2H), 2.26 – 2.18 (m, 4H), 1.88 – 1.83 (m, 4H), 1.36 – 1.14 (m, br, 74H), 0.84 (t, 12H, J = 
6.8 Hz).  The 
1
H NMR spectrum was consistent with that reported in the literature.
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 In a round bottom flask N,N'-Bis(1-undecyl-dodecyl)-perylene-3,4,9,10-
tetracarboxylic diimide (1.3 g, 1.3 mmol), powdered potassium hydroxide (0.25 g, 4.4 
mmol), and t-butanol (24 mL, 251 mmol) were heated to 120 °C for 50 minutes under an 
inert nitrogen atmosphere.  After cooling a 2 N HCl (13 mL) solution in DI water and 
acetic acid (25 mL) were added to the mixture and the solution allowed to stir at room 
temperature overnight.  The product was purified on a silica gel plug eluting with 
chloroform.  Volatiles were removed to afford the desired compound as a burgundy 
colored solid which was dissolved in a minimal amount of chloroform and precipitated 
from methanol (0.52 g, 58 %). 
1
H NMR (300.23 MHz, CDCl3) δ 8.71 – 8.64 (m, 8H), 
5.21 – 5.11 (m, 1H), 2.27 – 2.15 (m, 2H), 1.87 – 1.80 (m, 2H), 1.40 – 1.17 (m, 36 H), 
0.81 (t, 6H, J = 6.6 Hz).  The 
1











 In a pressure vessel, N-(1-undecyl-dodecyl)-perylene-3,4-
dicarboxylicmonoanhydride-9,10-dicarboxylicmonoimide (0.40 g, 0.6 mmol), 4-
aminobenzoic acid (0.23 g, 1.7 mmol), zinc (II) acetate (0.08 g, 0.4 mmol), and imidazole 
(3.42 g, 50.4 mmol) were combined.  The vessel was purged with nitrogen, sealed, and 
heated to 130 °C for 2 hours.  Upon cooling, the mixture was diluted in chloroform, and 
washed twice with 2 N HCl.  The product was then purified on silica gel eluting with 
10:1 chloroform:ethanol.  Volatiles were removed under reduced pressure to afford the 
title compound as a red solid, which was further purified by dissolving in minimal 
chloroform and precipitating slowly with methanol.  The resulting solid was washed with 
methanol, dried and afforded the title compound (0.2 g, 47 %).  
1
H NMR (399.96 MHz, 
THF-d8) δ 11.52  (s, br, 1H), 8.52 – 8.43 (m, 8H), 8.18 (d, 2H, 8.0 Hz), 7.54 (d, 2H, J =  
7.6 Hz), 5.18 (m, 1H), 2.35 – 2.28 (m, 2H), 1.92 – 1.85 (m, 2H),  1.46 – 1.13 (m, 36H), 




H} NMR (100.58 MHz, THF-d8) δ 167.3, 
136.3 (2C), 140.6, 134.8, 134.3, 131.8, 131.2, 131.0, 130.2, 129.7, 129.6, 128.3, 126.4, 
126.3, 124.1, 124.0, 115.3, 55.3, 33.4, 32.9, 30.7, 30.7, 30.6, 30.4, 28.2, 23.6, 14.5.  
MALDI-MS calculated (found) [M+H]
+
:  833.4530 (833.4881).  Elemental Analysis 
calculated (found) for C54H60N2O6 + H2O:  C 76.21 (76.27), H 7.34 (7.19), N 3.29 (3.19). 






 In a round bottom flask p-bromoaniline (10 g, 58.1 mmol), palladium (II) acetate 
(0.6 g, 2.9 mmol), and triphenylphosphine (2.3 g, 8.7 mmol) were combined.  The 
reaction vessel was pumped under vacuum and refilled with dry nitrogen three times 
followed by the addition of diethyl phosphite (11.2 mL, 87.2 mmol), triethylamine (6.1 
mL, 43.6 mmol), and ethanol (100 mL) via syringe,  The reaction mixture was allowed to 
stir at reflux for 72 hours and upon cooling volatiles were removed under reduced 
pressure and the resulting off-white solid was purified by precipitation, first dissolving 
the solid in a mixture of 1:1 hexane:ethyl acetate followed by the addition of hexane until 
a white solid was formed.  The solid was then further purified on silica gel eluting with 
chloroform followed by 5 % methanol in chloroform to produce diethyl (4-
aminophenyl)phosphonate (3.0 g, 23 %).  
1
H NMR (300.23 MHz, CDCl3) δ 7.58 – 7.51 
(m,  2H), 6.69 – 6.65 (m, 2H), 4.11 – 3.92 (m, 6 H, -OCH2CH3 and –NH2), 1.27 (t, 6H, J 
=  6.0 Hz).  The 
1











 In a pressure vessel, N-(1-undecyl-dodecyl)-perylene-3,4-
dicarboxylicmonoanhydride-9,10- dicarboxylicmonoimide (0.50 g, 0.7 mmol), zinc (II) 
acetate (0.10 g, 0.5 mmol), diethyl (4-aminophenyl)phosphonate (0.48 g, 2.1 mmol), and 
imidazole (4.29 g, 63.0 mmol) were combined.  The vessel was purged with nitrogen, 
sealed, heated to 130 °C for 3 hours.  Upon cooling, the mixture was diluted in 
chloroform, and washed twice with 2 N HCl.  The product was then purified on silica gel 
eluting with 10:1 chloroform:ethanol.  Volatiles were removed under reduced pressure to 
afford the title compound as a red solid, which was further purified by dissolving in 
minimal chloroform and precipitating slowly with methanol.  The resulting solid was 
washed with methanol, dried and afforded ethyl hydrogen (4-(1,3,8,10-tetraoxo-9-
(tricosan-12-yl)-3,8,9,10-tetrahydroanthra[2,1,9-def:6,5,10-d'e'f']diisoquinolin-2(1H)-
yl)phenyl)phosphonate rather than the title compound (0.5 g, 80 %, AJG-III-100C).
 1
H 
NMR (399.96 MHz, THF-d8) δ 8.44 – 8.27 (m, br, 8H), 7.90 – 7.85 (m, 2H), 7.47 
(apparent doublet, 2H, J = 8.0 Hz), 5.14 (apparent pentet, 
1
H, J = 8.0 Hz), 4.12 (pentet, 





NMR (100.58 MHz, THF-d8) δ 163.4, 139.8 (2C), 134.8, 134.1, 133.0, 132.9, 131.3, 
130.4, 130.2, 126.3, 126.2, 124.0, 123.9, 62.59, 56.52, 33.5, 33.1, 30.9, 30.9, 30.8, 30.5, 




H} NMR (161.91 MHz, THF-d8) δ 20.01.  Elemental 
Analysis calculated (found) for C55H65N2O7P C 73.64 (73.54), H 7.30 (7.25), N 3.12 
(3.15).  MALDI-MS [M+H]
+
: 897.4. 
 The ethyl hydrogen (4-(1,3,8,10-tetraoxo-9-(tricosan-12-yl)-9,10-
dihydroanthra[2,1,9-def:6,5,10-d'e'f']diisoquinolin-2(1H,3H,8H)-yl)phenyl)phosphonate 
(0.15 g, 1.7 mmol) was dissolved in dry dichloromethane (approximately 20 mL) and 
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bromotrimethylsilane (1.0 mL, 7.5 mmol) was added via syringe.  The reaction vessel 
was sealed with a greased stopper and tallowed to stir at room temperature overnight.  
Volatiles were removed under reduced pressure and the resulting thick oil was dissolved 
in a 10:1 mixture of methanol:deionized water (approximately 20 mL) overnight.  
Volatiles were removed under reduced pressure and the resulting solid was recrystallized 
by dissolving the solid in a minimal amount of chloroform and precipitating with 
methanol to afford a dark red solid (0.12 g, 83 %).  
1
H NMR (399.96 MHz, THF-d8) δ 
8.18 – 8.07 (m, 8H), 7.95 – 7.90 (m, 2H), 7.55 (m, 2H), 5.78 (s), 5.06 (pentet, 
1
H, J = 7.2 
Hz), 4.22 (t, 1H), 2.01 – 1.92 (m, 2H), 1.42 – 1.27 (m, 36H), 0.88 – 0.84 (m, 6H). 
Attempts to obtain 
13
C both at room temperature, high temperature, and with various 




H} NMR (161.91 MHz, THF-
d8) δ 16.01.  MALDI-MS calculated (found) [M+H]
+
: 869.4295 (869.4252). Elemental 
Analysis calculated (found) for C53H61N2O7P + H2O: C 71.76 (71.55), H 7.16 (6.98), N 
3.16 (3.19).  






 A two neck round bottom flask was charged with bis(pinacolato)diboron (2.63 g, 
10.4 mmol), 1,1'-bis(diphenylphosphino)ferrocene-palladium(II)dichloride 
dichloromethane complex (0.23 g, 0.3 mmol), and potassium acetate (1.77 mL, 28.4 
mmol) under inert nitrogen atmosphere.  The mixture was dissolved in anhydrous 
dimethyl sulfoxide (45 mL) and diethyl (4-bromophenyl)phosphonate was added (2.77 g, 
9.45 mmol) followed by heating of the system to 80 °C for approximately 30 hours.  The 
product was extracted with ethyl acetate, washed with water, dried over magnesium 
sulfate, and filtered.  Removal of volatiles under reduced pressure and Kugelrohr 
distillation (60 mTorr, 175 °C) afforded the title compound as an off white solid (1.15 g, 
36 %, AJG-III-120H).   
1
H NMR (399.96 MHz, CDCl3) δ 7.91 – 7.88 (m, 2H), 7.83 – 





(100.58 MHz, CDCl3) δ 134.8 (d, 2C, J = 14.5 Hz), 132.1, 131.1 (d, 2C, J =9.6 Hz), 





(161.91 MHz, CDCl3) δ 19.16.  Elemental analysis calculated (found) C 56.49 (56.45), H 
7.70 (7.73).  EI-MS calculated (found) [M]
+








 To a round bottom flask equipped with a reflux condenser was added 2-(4-
bromophenyl)-9-(tricosan-12-yl)anthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-
1,3,8,10(2H,9H)-tetraone (0.3 g, 0.4 mmol), diethyl (4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)phosphonate (0.5 g, 1.5 mmol), and 
tetrakis(triphenylphosphine)palladium (0) (0.08 g, 0.1 mmol), which were dissolved in a 
solvent mixture of toluene (50 mL), methanol (14 mL), and 2 M potassium carbonate in 
DI water (14 mL).  The reaction mixture was stirred under nitrogen at 75 °C for 15 hours 
under the exclusion of light.  After cooling the reaction mixture was washed two times 
with DI water, two times with brine, the organic phase was dried over magnesium sulfate, 
and filtered.  Volatiles were removed under reduced pressure and the resulting red solid 
was dissolved in a minimal amount of chloroform and precipitated slowly after addition 
of methanol.  The precipitate was washed with methanol and filtered to afford the title 
compound as a red solid (0.29 g, 82 %, AJG-III-124B).  
1
H NMR (399.96 MHz, THF-d8) 
δ 8.71 – 8.67 (m, 4H), 8.58 – 8.51 (m, br, 4H), 7.92 – 7.83 (m, 6H), 7.52 (apparent 
doublet, 2H, J = 8.0 Hz), 5.24 – 5.16 (m, 1H), 4.16 – 4.04 (m, 4H), 2.37 – 2.31 (m, 2H), 




H}  NMR (100.58 
MHz, THF-d8) δ 163.6, 145.1, 145.1, 140.9, 136.9, 134.9, 134.5, 133.4, 133.3, 131.4, 
130.9, 130.8, 129.8, 129.7, 128.9, 128.5, 128.1, 127.9, 126.5, 126.4, 124.2, 62.4 (d, 2C, J 
= 6.0 Hz), 55.4, 33.5, 33.1, 30.9, 30.9, 30.8, 30.8, 30.8, 30.5, 23.7, 17.0 (d, 2C, J = 6.0 




H} NMR (161.91 MHz, CDCl3) δ 18.58.  MALDI-MS calculated (found) 
[M+H]
+
:  1001.5234 (1001.5212). 
 The diethyl (4'-(1,3,8,10-tetraoxo-9-(tricosan-12-yl)-9,10-dihydroanthra[2,1,9-
def:6,5,10-d'e'f']diisoquinolin-2(1H,3H,8H)-yl)-[1,1'-biphenyl]-4-yl)phosphonate (0.16 g, 
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0.2 mmol) was dissolved in dry dichloromethane (approximately 10 mL) and 
bromotrimethylsilane (1.5 mL, 11.4 mmol) was added via syringe.  The reaction vessel 
was sealed with a greased stopper and tallowed to stir at room temperature overnight.  
Volatiles were removed under reduced pressure and the resulting solid was dissolved in a 
10:1 mixture of methanol:deionized water (approximately 20 mL) overnight.  Volatiles 
were removed under reduced pressure and the resulting solid was recrystallized by 
dissolving the solid in a minimal amount of chloroform and precipitating with methanol 




C NMR proved 
difficult to obtain at either room temperature or elevated temperature in a variety of 
solvents due to aggregation.   Elemental Analysis calculated (found) for C59H65N2O7P + 
H2O: C 73.58 (73.02), H 7.01 (6.89), 2.91 (2.95).  MALDI-MS calculated (found) 
[M+H]
+
:  945.4608 (945.4592). 




 Benzyl bromide (34.7 mL, 292.1 mmol) and triethylphosphite (145 mL, 833.4 
mmol) were combined in a round bottom flask and heated at 130 °C under inert nitrogen 
atmosphere overnight.  Excess triethylphosphite and other side products were removed 
under reduced pressure (approximately 0.2 torr at 60 °C) overnight.  Diethyl 
benzylphosphonate was obtained as a colorless oil (66.0 g, 99 %).  
1
H NMR (300.23, 
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DMSO-d6) 7.27 (m, 5H), 3.92 (m, 4H), 3.19 (d, J = 21.62 Hz, 2H), 1.14 (t, J = 6.91 Hz, 
6H). Spectra was consistent with the desired product.
37
 
 Diethyl benzylphosphonate (29 g, 127.1 mmol) was dissolved in dry 
dichloromethane (75 mL).  Bromotrimethylsilane (50.0 mL, 381.2 mmol) was added and 
the flask sealed with a greased stopper.  After stirring at room temperature overnight 
volatiles were removed under reduced pressure to afford a dark, viscous oil that was 
subsequently dissolved in a solution of 10:1 methanol:water (200 mL) and allowed to stir 
at room temperature overnight.  Volatiles were removed under reduced pressure and the 
resulting solid was recrystallized from 4:1 acetone:chloroform to yield a white crystalline 
powder (20.0 g, 91 %).  
1
H (399.96 MHz, DMSO-d6) 7.29-7.23 (m, 4H), 7.21-7.17 (m, 
1




H} (100.58 MHz, DMSO-d6) 134.1 (d, J = 8.8 Hz), 




H} (161.91 MHz, DMSO-d6) 22.48.  
1








 2-Fluorobenzylbromide (7.2 g, 38.1 mmol) was combined with triethylphosphite 
(55.2 mL, 317 mmol) and the mixture was heated with stirring at 130 °C overnight.  
Excess triethylphosphite and other side products were removed under vacuum 
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(approximately 0.2 torr) at 60 °C overnight to afford a clear oil (26.1 g, 98 %).  NMR 
spectra was consistent with that reported in the literature.
39
 
 2-Fluorobenzylphosphonate (10.0 g, 40.6 mmol), was dissolved in dry 
dichloromethane (130 mL).  Bromotrimethylsilane (16.0 mL, 121 mmol) was added via 
syringe.  The reaction vessel was sealed with a greased stopper and allowed to stir at 
room temperature overnight.  Volatiles were removed under reduced pressure yield a 
viscous oil.  This oil was subsequently dissolved in a 4:1 methanol:water (50 mL) 
solution and allowed to stir overnight.  After removal of the solvents, recrystallization 
from acetonitrile afforded a white, crystalline solid (7.5 g, 97 %).  NMR spectra was 
consistent with that reported in the literature.
40-41
    




 2-Trifluoromethylbenzylbromide (11.7g, 48.9 mmol) was combined with 
triethylphosphite (23.0 mL, 132.2 mmol) and the mixture was heated with stirring at 130 
°C overnight.  Excess triethylphosphite and other side products were removed under 
vacuum (approximately 0.2 torr) at 60 °C overnight to afford a clear oil (14.2 g, 98%).  
1
H NMR (399.96 MHz, acetone-d6), δ 7.72 (m, 2H), 7.62 (appears as triplet, J = 8.0 Hz, 




H} NMR (100.58 MHz, acetone-d6): δ 134.4 (d, J = 5.1 Hz), 133.7 (m), 133.2 (dd, J 
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= 10.0, 1.7 Hz), 130.3 (dd, J = 29.4, 7.9), 128.9 (d, J = 3.2 Hz), 127.8 (qd, J = 5.7, 2.5 




H} NMR (161.91 MHz, acetone-d6): δ 25.67. 
19
F (276.29 MHz, acetone-d6, 
trifluoroacetic acid standard):  δ -57.24.  Analysis calculated (found) %:  C 48.66 (48.37), 
H 5.44 (5.47).  Exact Mass calculated (found) for [M+H]
+
, m/z:  296.0789 (296.0789). 
 2-(Trifluoromethyl)benzylphosphonate (5.0 g, 16.9 mmol), was dissolved in dry 
dichloromethane (20 mL).  Bromotrimethylsilane (8.9 mL, 67.5 mmol) was added via 
syringe.  The reaction vessel was sealed with a greased stopper and allowed to stir at 
room temperature overnight.  Volatiles were removed under reduced pressure yield a 
viscous oil.  This oil was subsequently dissolved in a 4:1 methanol:water (50 mL) 
solution and allowed to stir overnight.  After removal of the solvents, recrystallization 
from acetonitrile afforded a white, crystalline solid (AJG-II-164A, 4.0 g, 99 %).  
1
H 
NMR (399.96 MHz, DMSO-d6), δ 7.62 (m, 3H), 7.41 (t, J = 7.60 Hz, 1H), 3.16 (d, J = 




H} NMR (100.58 MHz, DMSO-d6): δ 132.8 (m), 132.3 (d, J = 4.8 Hz), 
131.8 (appears as doublet, J = 1.6 Hz), 127.5 (dd, J = 29.1, 7.6 Hz), 126.5 (d, J = 3.0 Hz), 




H} NMR (161.91 MHz, DMSO-d6): δ 
20.4. 
19
F (276.29 MHz, DMSO-d6, trifluoroacetic acid standard):  δ -55.9. Analysis 
calculated (found) %:  C 40.02 (40.15), H 3.36 (3.22), F 23.74 (23.58).  Exact Mass 
calculated (found) for [M]
+
, m/z: 240.0163 (240.0166). 






 3-Fluorobenzylbromide (6.6 mL, 53.8 mmol) was combined with 
triethylphosphite (27.5 mL, 158.0 mmol) and the mixture was heated with stirring at 130 
°C overnight.  Excess triethylphosphite and other side products were removed under 
vacuum (approximately 0.2 torr) at 60 °C overnight to afford a clear, pale-yellow oil.  
(13.1 g, 99%)  
1
H NMR (399.96 MHz, CDCl3), δ 7.25 (m, 1H), 7.06, (m, 1H), 7.00 (m, 
1H), 6.93 (m, 1H), 4.02 (m, 4H), 3.13 (d, J = 22.0, 2H), 1.24 (t, J = 6.80, 6H).  Exact 
Mass calculated (found) for [M+H]
+
, m/z:  248.0821 (246.0823).   Spectra was consistent 
with that reported in the literature.
42
 
 Diethyl 3-fluorobenzylphosphonate (6.1 g, 24.8 mmol), was dissolved in dry 
dichloromethane (40 mL).  Bromotrimethylsilane (10.0 mL, 75.8 mmol) was added via 
syringe.  The reaction vessel was sealed with a greased stopper and allowed to stir at 
room temperature overnight.  Volatiles were removed under reduced pressure yield a 
viscous oil.  This oil was subsequently dissolved in a 4:1 methanol:water (50 mL) 
solution and allowed to stir overnight.  After removal of the solvents, repeated 
recrystallizations from 1:1 dichloromethan:acetonitrile afforded a white, plate crystals 
(3.0 g, 65 %, AJG-II-173A-C).  
1
H NMR (399.96 MHz, DMSO-d6), δ 10.39 (s, br, 2H), 





NMR (100.58 MHz, DMSO-d6): δ 162.0 (dd, J = 242.4, 3.3 Hz), 137.1 (t, J = 8.5 Hz), 
129.8 (dd, J = 8.5, 2.8), 126.0 (dd, J = 6.4, 2.6 Hz), 116.4 (dd, J = 21.4, 6.0 Hz), 112.8 
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H} NMR (161.91 MHz, DMSO-d6): δ 
21.89. 
19
F (276.29 MHz, DMSO-d6, trifluoroacetic acid standard):  δ -112.57. Analysis 
calculated (found) %:  C 44.22 (44.17), H 4.24 (4.21), F 9.99 (9.88).  Exact Mass 
calculated (found) for [M]
+
, m/z: 240.0163 (240.0168). 
 




 3-trifluoromethylbenzylbromide (6.5 mL, 42.6 mmol) was combined with 
triethylphosphite (22.0 mL, 126.4 mmol) and the mixture was heated with stirring at 130 
°C overnight.  Excess triethylphosphite and other side products were removed under 
vacuum (approximately 0.2 torr) at 60 °C overnight to afford a clear, pale-yellow oil.  
This oil was further purified by Kugelrohr distillation (0.17 Torr, 125 °C) to achieve the 
desired phosphonate as a clear oil (AJG-II-162H, 7.3 g, 58%)  
1
H NMR (399.96 MHz, 
CDCl3), δ 7.52 (m, 3H), 7.43 (m, 1H), 4.02 (m, 4H), 3.17 (d, J = 21.6 Hz, 2H), 1.23 (t, J 
= 7.20 Hz, 6H).  Analysis calculated (found) %:  C 48.66 (48.41), H 5.44 (5.52).  Exact 
Mass calculated (found) for [M+H]
+
, m/z:  296.0789 (296.0809). Spectra and analyses 
are consistent with those reported in the literature. 
43-46
  
 3-(Trifluoromethyl)benzylphosphonate (4.0 g, 13.5 mmol), was dissolved in dry 
dichloromethane (30 mL).  Bromotrimethylsilane (6.0 mL, 45.5 mmol) was added via 
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syringe.  The reaction vessel was sealed with a greased stopper and allowed to stir at 
room temperature overnight.  Volatiles were removed under reduced pressure yield a 
viscous oil.  This oil was subsequently dissolved in a 4:1 methanol:water (50 mL) 
solution and allowed to stir overnight.  After removal of the solvents, recrystallization 
from acetonitrile afforded a white, crystalline solid (2.1 g, 66 %, AJG-II-175A).  
1
H 
NMR (399.96 MHz, DMSO-d6), δ 10.52 (s, br, 2H), 7.61 (s, br, 1H), 7.53 (m, 3H), 3.10 




H} NMR (100.58 MHz, DMSO-d6): δ 135.8 (d, J = 8.6 Hz), 
133.8 (m), 128.9 (m), 126.0 (m), 126.0 (m), 124.3 (d, J = 272.3 Hz), 122.7 (quin, J = 3.6 




H} NMR (161.91 MHz, DMSO-d6): δ 21.65. 
19
F 
(276.29 MHz, DMSO-d6, trifluoroacetic acid standard):  δ -59.38. Analysis calculated 
(found) %:  C 40.02 (39.98), H 3.36 (3.23), F 23.74 (23.92).  Exact Mass calculated 
(found) for [M]
+
, m/z: 240.0163 (240.0168). 




 4-(bromomethyl)-1,2-difluorobenzene (6.0 mL, 46.7 mmol) was combined with 
triethylphosphite (25.0 mL, 143.7 mmol) and the mixture was heated with stirring at 130 
°C overnight.  Excess triethylphosphite and other side products were removed under 




H NMR (399.96 MHz, CDCl3), δ 7.12 (m, 2H), 7.01, (m, 1H), 4.03 (m, 4H), 3.08 (d, J = 
28.80 Hz, 2H), 1.25 (t, J = 9.20 Hz, 6H).  Exact Mass calculated (found) for [M+H]
+
, 




 Diethyl 3,4-difluorobenzylphosphonate (6.0 g, 22.7 mmol), was dissolved in dry 
dichloromethane (40 mL).  Bromotrimethylsilane (9.0 mL, 68.2 mmol) was added via 
syringe.  The reaction vessel was sealed with a greased stopper and allowed to stir at 
room temperature overnight.  Volatiles were removed under reduced pressure yield a 
viscous oil.  This oil was subsequently dissolved in a 4:1 methanol:water (50 mL) 
solution and allowed to stir overnight.  After removal of the solvents, repeated 
recrystallizations from 1:1 dichloromethane:acetonitrile afforded a white crystals (3.2 g, 
68 %).  
1
H NMR (399.96 MHz, DMSO-d6), δ 10.5 (s, br, 2H), 2.27 (m, 2H), 7.06 (m, 




H} NMR 148.9 (ddd, J = 245.1, 13.5, 5.1 Hz), 
148.1 (ddd, J = 248.9, 12.4, 3.6 Hz), 132.1 (m), 126.4 (m), 118.4 (dd, J = 17.2, 6.0 Hz), 




H} NMR (161.91 MHz, 
DMSO-d6): δ 21.80. 
19
F (276.29 MHz, DMSO-d6, trifluoroacetic acid standard):  δ -
138.073 (quin, J = 10.16 Hz, 1F), -141.10 (m, 1F). Analysis calculated (found) %:  C 
40.40 (40.38), H 3.39 (3.26), F 18.26 (18.08).  Exact Mass calculated (found) for [M]
+
, 
m/z: 208.0101 (208.0103). 






 4-(Bromomethyl)-2,3-difluorobenzene (5.9 mL, 46.4 mmol) was combined with 
triethylphosphite (26.0 mL, 149.4 mmol) and the mixture was heated with stirring at 130 
°C overnight.  Excess triethylphosphite and other side products were removed under 
vacuum (approximately 0.2 torr) at 60 °C overnight to afford a clear oil.  (12.2 g)  
1
H 
NMR (399.96 MHz, CDCl3), δ 7.11-7.00 (m, 3H), 4.05 (q, J = 7.20 4H), 3.20 (d, J = 
21.60, 2H), 1.25 (t, J = 7.20, 6H).  Exact Mass calculated (found) for [M+H]
+
, m/z:  
264.0727 (264.0729).  
1




 Diethyl 2,3-difluorobenzylphosphonate (6.0 g, 22.7 mmol), was dissolved in dry 
dichloromethane (40 mL).  Bromotrimethylsilane (9.0 mL, 68.2 mmol) was added via 
syringe.  The reaction vessel was sealed with a greased stopper and allowed to stir at 
room temperature overnight.  Volatiles were removed under reduced pressure yield a 
viscous oil.  This oil was subsequently dissolved in a 4:1 methanol:water (50 mL) 
solution and allowed to stir overnight.  After removal of the solvents, repeated 
recrystallizations from acetonitrile afforded a white plate crystals (4.4 g, yield over 2 
steps: 93 %).  
1
H NMR (399.96 MHz, DMSO-d6), δ 10.03 (s, br, 2H), 7.25 (m, 1H), 7.13 




H} NMR(100.58 MHz, DMSO-d6) δ 149.7 
(ddd, J = 190.1, 13.2, 3.0), 148.1 (ddd, J = 245.9, 12.7, 6.7 Hz), 127.1 (m), 124.2, 124.1 




H} NMR (161.91 MHz, 
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DMSO-d6): δ 20.35. 
19
F (276.29 MHz, DMSO-d6, trifluoroacetic acid standard):  δ 
137.41 (m, 1F), 140.82 (m, 1F). Analysis calculated (found) %:  C 40.40 (40.34), H 3.39 
(3.27), F 18.26 (18.09).  Exact Mass calculated (found) for [M]
+
, m/z: 208.0101 
(208.0101).  Spectral data consistent with that previously reported in the literature.
50
 




 In a 250 mL round bottom flask p-fluorobenzyl bromide (3.5 g, 18.5 mmol) was 
combined with triethyl phosphite (10 mL, 56 mmol) and the mixture was allowed to stir 
at 135 °C overnight.  Excess triethyl phosphite and other undesired side products were 
removed by heating at 70 °C under a vacuum of approximately 0.01 Torr overnight 
produce diethyl 4-fluorobenzylphosphonate as a light yellow oil (4.5 g, 99 %, AJG-III-
106).  
1
H NMR (399.96 MHz, CDCl3) δ 7.30 – 7.25 (m, 2H), 7.02 – 6.98 (m, 2H), 4.06 – 
3.97 (m, 4H), 3.12 (d, 2H, J = 21.6 Hz), 1.27 – 1.23 (m, 6H).   The 
1
H NMR spectrum 
was consistent with that reported in the literature.
51
  
 The diethyl 4-fluorobenzylphosphonate (4.51 g, 18.3 mmol) was dissolved in dry 
dichloromethane (approximately 50 mL) and bromotrimethylsilane (7.3 mL, 55.0 mmol) 
was added via syringe.  The reaction vessel was sealed with a greased stopper and 
tallowed to stir at room temperature overnight.  Volatiles were removed under reduced 
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pressure and the resulting thick oil was dissolved in a 10:1 mixture of methanol:deionized 
water (approximately 50 mL) overnight.  Volatiles were removed under reduced pressure 
and the resulting solid was recrystallized from hot acetonitrile to obtain the title 
compound as an off white solid (2.21 g, 64 %). 
1
H NMR (399.96 MHz, DMSO-d6) δ 7.25 









H} (376.28 MHz, CDCl3) δ 115.70 (m, 1F).  
1
H NMR consistent 
with that reported in the literature.
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 In a 250 mL round bottom flask 4-(trifluoromethyl)benzyl bromide (25.4 g, 106.3 
mmol) was combined with an excess of triethyl phosphite (55 mL, 329.4 mmol) and the 
mixture was allowed to stir at 135 °C for 72 hours.  Excess triethyl phosphite and other 
unwanted side products were removed under reduced pressure (approximately 1.5 Torr) 
at 80 °C overnight to afford diethyl 4-(trifluoromethyl)benzylphosphonate as a clear oil 
(30.8 g, 98% yield, AJG-II-294C).  
1
H NMR (300.23 MHz, CDCl3) 7.57-7.39 (m, 4H), 
4.07-3.97 (m, 4H), 3.18 (d, J = 24.0 Hz, 2H), 1.24 (t, J = 9.0 Hz, 6H).  Spectrum is 





 Diethyl 4-(trifluoromethyl)benzylphosphonate (15.5 g, 52.2 mmol), was dissolved 
in dry dichloromethane (approximately 100 mL) and bromotrimethylsilane (20 mL, 151.5 
mmol) was added via syringe.  The reaction vessel was sealed with a greased stopper and 
the mixture stirred at room temperature for approximately 4 hours.  Volatiles were 
removed under reduced pressure and the resulting thick oil was dissolved in a 10:1 
mixture of methanol:DI water (50 mL) and allowed to stir overnight at room temperature.  
Removal of volatiles under vacuum afforded a white solid, which was recrystallized from 
hot acetonitrile to afford 4-(trifluoromethyl)beznylphosphonic acid (6.0 g, 50 % yield, 
AJG-II-298A).  
1
H NMR (399.96 MHz, DMSO-d6) δ 7.64 (d, J = 8.0 Hz, 2H), 7.46 (m, 




H} NMR (376.28 MHz, DMSO-d6) δ -59.12 (s, 




H} NMR (161.91 MHz, DMSO-d6) δ 21.00.  Spectra 
are consistent with those reported in the literature.
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 In a 250 mL round bottom flask 1-(chloromethyl)-4-methoxybenzene (13.0 mL, 
95.8 mmol) was combined with triethyl phosphite (50 mL, 287.4 mmol) and the mixture 
allowed to stir under nitrogen at 135 °C for 24 hours.  Excess triethyl phosphite and other 
undesired side products were removed by heating at 85 °C under vacuum (approximately 
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0.1 Torr) for 8 hours to afford diethyl 4-methoxybenzylphosphonate as a clear oil (21.6 g, 
83.6 mmol, 88 % yield).  
1
H NMR (399.96 MHz, CDCl3) δ 7.17 (m, 2H), 6.80 (d, J = 8.0 
Hz), 3.96 (m, 4H), 3.74 (s, 3H), 3.05 (d, JP-H = 20.0 Hz), 1.20 (t, J = 8.0 Hz, 6H). The 
1
H NMR spectrum was consistent with that reported in the literature.
55
 
 The diethyl 4-methoxybenzylphosphonate (10.3 g, 38.9 mmol) was dissolved in 
dry dichloromethane (approximately 30 mL) and bromotrimethylsilane (15 mL, 113.7 
mmol) was added via syringe.  The reaction vessel was sealed with a greased stopper and 
allowed to stir at room temperature for approximately 8 hours.  Volatiles were removed 
under reduced pressure and the resulting thick oil was dissolved in a 10:1 mixture of 
methanol:deionized water (approximately 50 mL.  After approximately 10 minutes a 
white solid began to crash out of solution and the reaction mixture was allowed to 
continue stirring under ambient conditions overnight.  Volatiles were removed under 
reduced pressure and the resulting solid was recrystallized from hot methanol to obtain 
white crystals of the title compound (4 g, 51 %).  
1
H NMR (399.96 MHz, DMSO-d6) δ 




H} NMR (161.91 




H}  NMR (75.5 MHz, DMSO-d6) δ 157.6 (d, J = 3.8 
Hz), 130.5 (d, J = 6.0 Hz, 2C), 125.9 (d, J = 9.1 Hz), 113.4 (d, J = 2.3 Hz, 2C), 55.0, 34.2 
(d, J = 133.6 Hz).  Elemental analysis calculated (found):  C 47.53 (47.77), H 5.48 (5.51).  
Exact mass calculated (found) for [M
+
], m/z:  202.0395 (202.0395). 






 In a 250 mL round bottom flask 2,6-difluorobenzyl bromide (21.4 g, 103 mmol) 
was combined with triethyl phosphite (58 mL, 333 mmol) and the mixture allowed to stir 
at 135 °C for 48 hours.  Excess triethyl phosphite and other unwanted side products were 
removed under vacuum, approximately 0.9 Torr at 90 °C overnight to afford diethyl d,6-
difluorobenzylphosphonate as a clear oil (26.3 g, 96 % yield, AJG-II-293D).  
1
H NMR 
(399.96 MHz, CDCl3) 7.19 (m, 1H), 6.87 (m, 2H), 4.06 (m, 4H), 3.21 (d, J = 24.00 Hz, 
2H), 1.25 (t, J = 8.00 Hz, 6 H).  Spectrum consistent with that reported in the literature.
40
 
 Diethyl 2,6-difluorobenzylphosphonate (15.0 g, 56.8 mmol) was dissolved in dry 
dichloromethane (approximately 100 mL).  Bromotrimethylsilane (22.5 mL, 170.3 mmol) 
was added via syringe.  The reaction vessel was capped with a greased stopper and 
allowed to stir overnight at room temperature.  Volatiles were removed under reduced 
pressure.  The resulting oil was then dissolved in a 10:1 methanol:water mixture (50 mL) 
and allowed to stir overnight.  Volatiles were removed under vacuum to afford a powdery 
solid that was subsequently recrystallized from hot acetonitrile to yield the title 
compound as a white, crystalline solid (11.3 g, 96% yield, AJG-II-295A-B).  
1
H NMR 




H} NMR (376.3 MHz, DMSO-d6) δ -111.45 (q, JP-F = 3.8 Hz, 2F), from trifluoro 




H} NMR (161.91 MHz, DMSO-d6) 19.46.  Spectra are consistent with 









 A slurry of potassium tert-butoxide (7.9 g, 70.4 mmol) with 100 mL of THF was 
made in a 250 mL round bottom flask equipped with a nitrogen inlet, septum, and stir 
bar.  The mixture was cooled to -30 °C at which time 1,3-bis(trifluoromethyl)benzene 
(7.5 mL, 48.0 mmol) was added and the mixture cooled to -80 °C for 1 hour in a dry 
ice/acetone bath followed by addition of n-BuLi (24.5 mL, 70.0 mmol, 2.85 M in 
hexanes) dropwise over the course of 30 minutes.  The temperature of the resulting dark 
red solution was maintained at -80 °C over the course of 7.5 hours at which point 
chloromethyl methyl ether (7.3 mL, 107.3 mmol) dropwise over 20 minutes.  The 
reaction mixture was then allowed to warm to room temperature and stirred overnight.  
After quenching the reaction with deionized water, the aqueous layer was extracted with 
diethyl ether three times.  The collected organic layers were then washed three times with 
brine, dried over magnesium sulfate, filtered, and volatiles removed under reduced 
pressure to afford a brown colored oil.   The oil was distilled twice via Kugelrohr 
distillation (0.4 Torr, 40 °C) to afford 2-(methoxymethyl)-1,3-
bis(trifluoromethyl)benzene (5.90 g, 49%).  
1
H (300.23 MHz, CDCl3) δ 7.99 (d, J = 6.00 






H} (75.50 MHz, CDCl3) 135.4, 132.4, 130.1 (q, J = 6.04 Hz), 128.9, 122.1, 66.7, 
59.0.  Spectra are consistent with those reported in the literature.
56
 
 A round bottom flask charged with 2-(methoxymethyl)-1,3-
bis(trifluoromethyl)benzene (5.90 g, 22.9 mmol) was cooled to -40 °C for 30 minutes in a 
dry ice/acetone bath followed by addition of BBr3 (25.3 mL, 267.6 mmol).  The mixture 
was stirred cold for 20 minutes then warmed to room temperature and allowed to stir for 
4 hours.  After cooling the mixture to 0 °C the solution was diluted with DCM and 
quenched with water.  The aqueous layer was extracted with diethyl ether, and the 
collected organic layers washed with brine, dried over magnesium sulfate, and volatiles 
removed under reduced pressure.   The resulting light brown oil was distilled by 
Kugelrohor distillation (0.3 Torr, 40 °C) to afford 2-(bromomethyl)-1,3-
bis(trifluoromethyl)benzene as a colorless oil (6.1 g, 87%).  
1
H (399.96 MHz, CDCl3) δ 




H} (376.28 MHz, 
CDCl3) δ -57.79 (referenced to trifluoroacetic acid at -76.55).  Spectra are consistent with 
those reported in the literature.
56
 
 In a 100 mL round bottom flask a mixture of 2-(bromomethyl)-1,3-
bis(trifluoromethyl)benzene (0.89 g, 2.9 mmol) and triethyl phosphite (7.0 mL, 40.2 
mmol) was made and stirred at 130 °C for 24 hours.  Excess triethyl phosphite and other 
undesired side products were removed by heating at 40 °C under vacuum (approximately 
0.2 Torr) overnight to afford a clear oil that formed crystals at room temperature. The 
product was then recrystallized from pentane to afford diethyl 2,6-
bis(trifluoromethyl)benzylphosphonate as a white crystalline solid (0.7 g, 70%).  
1
H 
(300.23 MHz, CDCl3) δ 7.9 (d, J = 9.0 Hz, 2H), 7.50 (t, J = 9.0 Hz, 1H), 4.05 (m, 4H), 
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H} NMR (161.91 MHz, CDCl3) 




H} (376.28 MHz, CDCl3) δ -56.99 (referenced to trifluoroacetic acid at -
76.55).  Elemental Analysis calculated (found):  C 42.87 (42.95), H 4.15 (4.26), F 31.30 
(31.44).  Exact mass calculated (found) for [M
+
], m/z:  364.0663 (364.0650). 
 In a 100 mL round bottom flask diethyl 2,6-
bis(trifluoromethyl)benzylphosphonate (1.0 g, 2.7 mmol) was dissolved in anhydrous 
dichloromethane (approximately 30 mL).  Bromotrimethylsilane (1.1 mL, 8.3 mmol) was 
added to the solution via syringe and the reaction vessel was sealed with a greased 
stopper before allowing it to stir at room temperature overnight.  Volatiles were removed 
under reduced pressure and the resulting thick oil was dissolved in a 10:1 methanol:water 
mixture, which was allowed to stir at room temperature overnight.  Removal of volatiles 
in vacuo gave rise to a white solid, which was recrystallized from acetonitrile to afford 
2,6-bis(trifluoromethyl)benzylphosphonic acid (0.8 g, 94%).  
1
H (399.96 MHz, DMSO-








H} (376.28 MHz, CDCl3) δ -54.65 
(referenced to trifluoroacetic acid at -76.55).  Elemental Analysis calculated (found):  C 
35.08 (35.34), H 2.29 (2.35), F 37.00 (36.82).  Exact mass calculated (found) for [M
+
], 
m/z:  308.0037 (308.0042). 






 Tetraethyl (perfluoro-1,4-phenylene)bis(methylene)diphosphonate (1.1 g, 2.4 
mmol) was dissolved in dry dichloromethane (20 mL).  Bromotrimethylsilane (1.3 mL, 
13.3 mmol) was added via syringe.  The reaction vessel was sealed with a greased 
stopper and allowed to stir at room temperature overnight.  Volatiles were removed under 
reduced pressure to yield a viscous oil.  This oil was subsequently dissolved in a mixture 
of 4:1 methanol:water (20 mL) and allowed to stir overnight.  Volatiles were removed 
under reduced pressure to afford a white solid whose spectra was consistent with that 
reported in the literature.
57
 




 In a 250 mL round bottom flask 1-(bromomethyl-4-nitrobenzene (20.7 g, 95.8 
mmol) was combined with triethyl phosphite (50 mL, 287.4 mmol) and the mixture was 
allowed to stir at 135 °C overnight.  Excess triethyl phosphite and other undesired side 
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products were removed by heating at 90 °C under a vacuum of approximately 0.2 Torr 
for approximately 36 hours.  The slightly impure material was then run through a silica 
gel plug (eluting with 95:5 ethyl acetate:methanol) and purified by silica gel column 
chromatography (100% ethyl acetate) to produce diethyl 4-nitrobenzylphosphonate (20.6 
g, 79 %, AJG-III-004I).  
1
H NMR (399.96 MHz, CDCl3) δ 8.15 (m, 2H), 7.45 (m, 2H), 
4.02 (m, 4H), 3.21 (d, JP-H = 20.0 Hz), 1.23 (t, J = 8.0 Hz).  The 
1
H NMR spectrum was 
consistent with that reported in the literature.
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 The diethyl 4-nitrobenzylphosphonate (5.01 g, 18.3 mmol) was dissolved in dry 
dichloromethane (approximately 50 mL) and bromotrimethylsilane (7.5 mL, 56.8 mmol) 
was added via syringe.  The reaction vessel was sealed with a greased stopper and 
tallowed to stir at room temperature overnight.  Volatiles were removed under reduced 
pressure and the resulting thick oil was dissolved in a 10:1 mixture of methanol:deionized 
water (approximately 50 mL) overnight.  Volatiles were removed under reduced pressure 
and the resulting solid was recrystallized from hot acetonitrile to obtain the title 
compound as an off-white solid (3.6 g, 90%). 
1
H NMR (399.96 MHz, DMSO-d6) δ 8.16 





NMR (161.91 MHz, DMSO-d6) δ 20.26.
  1
H NMR was consistent with that reported in 
the literature.
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 In a round bottom flask, diethyl (3,4,5-trifluorophenyl)phosphonate (2.5 g, 9.3 
mmol) was dissolved in dry dichloromethane (approximately 30 mL) and 
bromotrimethylsilane (6 mL, 45.5 mmol) was added via syringe.  The reaction vessel was 
sealed with a greased stopper and the mixture stirred at room temperature overnight.  
Volatiles were removed under reduced pressure and the resulting thick oil was dissolved 
in a 10:1 mixture of methanol:DI water (30 mL) and allowed to stir overnight at room 
temperature.  Removal of solvent under vacuum afforded a tan colored solid, which was 
recrystallized from hot toluene to afford (3,4,5-trifluorophenyl)phosphonic acid as tan 
colored, fluffy crystals (1.7 g, 86 %, AJG-II-311A).
 1
H NMR (399.96 MHz, DMSO-d6) δ 




H} NMR (161.91 MHz, DMSO-d6) 9.22 (td, J(P-F) = 6.5, 3.2 
Hz).  Spectra are consistent with those previously reported.
13
 




 In a 500 mL round bottom flask diethyl 4-nitrobenzylphosphonate (11.9 g, 43.6 
mmol) was dissolved in approximately 300 mL of ethanol.  To the stirred solution was 
added tin (II) chloride dihydrate (49.5 g, 219.4 mmol) in portions, followed by the 
addition of 13.8 mL of concentrated hydrochloric acid.  The reaction was subsequently 
heated to reflux overnight.  After allowing to cool to room temperature, the pH of the 
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solution was adjusted to between 8 and 9 with 1M NaOH (approximately 250 mL).  The 
desired product was then extracted with dichloromethane three times and the combined 
organic phases washed with water, brine, and dried over sodium sulfate.  Removal of 
volatiles under reduced pressure afforded diethyl 4-aminobenzylphosphonate as a yellow 
crystalline solid that slowly changed color to light pink with time (AJG-III-014B, 9.6 g, 
90%).  The 
1
H was consistent with that reported in the literature.
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 The diethyl 4-aminobenzylphosphonate (2.0 g, 8.2 mmol) was dissolved in dry 
dichloromethane (approximately 30 mL) and bromotrimethylsilane (3.4 mL, 25.8 mmol) 
was added via syringe.  The reaction vessel was sealed with a greased stopper and 
tallowed to stir at room temperature overnight.  Volatiles were removed under reduced 
pressure and the resulting thick oil was dissolved in a 10:1 mixture of methanol:deionized 
water (approximately 50 mL) overnight.  Volatiles were removed under reduced pressure 
and the resulting solid was recrystallized from hot acetonitrile to afford a tan colored 
solid.  
1
H NMR (399.96 MHz, DMSO-d6) δ 10.5-8.5 (s, br, 3H), 7.33 (m, 2H), 7.22 (m, 
2H), 2.99 (d, JP-H = 20.0 Hz) – Note that the amine peak is not visible and this is 




H} NMR (161.91 MHz, DMSO-d6) δ 
21.66.  EI-MS exact mass calculated (found) for [M
+
], m/z: 187.0398 (187.0405). 





 A solution of diethyl 4-nitrobenzylphosphonate (4.5 g, 18.5 mmol) in anhydrous 
THF (approximately 45 mL) and sodium borohydride (4.2 g, 111.0 mmol) was made.  A 
solution of formaldehyde (37% in water, 6.2 mL, 25.3 mmol) and 3M sulfuric acid (4.8 
mL) was also made.  Half of the solution containing the phosphonate was added to 
formaldehyde/acid mixture.  This was followed by addition of an extra 4.8 mL of 3M 
sulfuric acid and then addition of the remaining phosphonate solution.  The mixture was 
allowed to stir overnight at room temperature. The reaction mixture was subsequently 
diluted with water (30 mL) and 1M sodium hydroxide was added (approximately 60 mL).  
The aqueous layer was then washed with diethyl ether three times.  The combined 
organic layers were then washed with brine, dried over sodium sulfate, filtered, and 
volatiles removed under reduced pressure to afford a yellow oil that turned tan in color 
with time.  The oil was purified on a silica gel column (eluting with 95:5 ethyl 
acetate:methanol) to afford diethyl 4-(dimethylamino)benzylphosphonate as a pale 








 The diethyl 4-(dimethylamino)benzylphosphonate (3.4 g, 12.5 mmol) was 
dissolved in dry dichloromethane (approximately 50 mL) and bromotrimethylsilane (7.0 
mL, 53.0 mmol) was added via syringe.  The reaction vessel was sealed with a greased 
stopper and tallowed to stir at room temperature for 48 hours.  Volatiles were removed 
under reduced pressure and the resulting thick oil was dissolved in a 10:1 mixture of 
methanol:deionized water (approximately 50 mL) overnight.  Volatiles were removed 
under reduced pressure and the resulting tan solid turns to a gel-like material as it sits 
under atmospheric conditions.  The solid was attempted to be recrystallized from 
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hexanes, acetonitrile, acetone, toluene, THF, DCM, petroleum ether, and IPA all of 
which the compound was insoluble in at room temperature and elevated temperatures.  
An appropriate solvent system of ethanol and THF was found to work best to afford a 
white solid in solution.  When filtered, this white solid immediately turned brown and 
gel-like.  
1
H  (399.96 MHz, DMSO-d6) 7.22 (apparent doublet, broad, 2H), 7.09 (s, broad, 




H} NMR (161.91 MHz, DMSO-d6) δ 
21.91. The 
1
H NMR is consistent with the desired compound except for trapping both 
ethanol and THF.   




 A solution of 4-diethylamino)benzaldehyde (5.0 g, 28.2 mmol) and diethyl 
cyanomethylphosphonate (4.5 mL, 28.6 mmol) in methanol (approximately 15 mL),  The 
mixture was allowed to stir at room temperature and piperidine (20 drops) was added 
along with approximately 0.5 g of molecular sieves (4 A).  The reaction mixture was 
allowed to stir at room temperature over the course of 48 hours. The reaction mixture was 
subsequently diluted with DCM.  Volatiles were removed from the reaction vessel and 
the resulting thick oil was added to a silica gel column for purification (eluting with 
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3.5:1.5 DCM:ethyl acetate).  Removal of volatiles afforded diethyl (1-cyano-2-(4-
(diethylamino)phenyl)vinyl)phosphonate as a thick yellow oil (7.3 g, 77%).  
1
H NMR 
(399.96 MHz, DMSO-d6) δ 7.84 (d, J = 9.2 Hz, 2H), 7.74 (d, J = 21.2 Hz, 1H), 6.62 (d, J 
= 9.2 Hz, 2H), 4.14 (m, 4H), 3.40 (q, J = 7.2 Hz, 4H), 1.34 (td, J = 7.2, 0.4, 6H), 1.18 (t, J 








H}  (100.58 MHz, 
CDCl3) δ 158.5 (d, J = 7.9 Hz), 151.5, 133.8, 120.2 (d, J = 18.2 Hz), 117.5 (d, J = 11.1 
Hz), 111.1, 88.4 (d, J = 203.1 Hz), 63.1 (d, J = 5.6 Hz), 44.9, 16.4 (d, J = 6.6 Hz), 12.7.  
Elemental Analysis calculated (found):  C 60.70 (60.00), H 7.49 (7.46), N 8.33 (8.21). 
EI-MS exact mass calculated (found) for [M
+
], m/z: 336.1603 (336.1605). 
 The (1-cyano-2-(4-(diethylamino)phenyl)vinyl)phosphonate (4.0 g, 11.9 mmol) 
was dissolved in dry dichloromethane (approximately 75 mL) and bromotrimethylsilane 
(6.4 mL, 47.7 mmol) was added via syringe.  The reaction vessel was sealed with a 
greased stopper and tallowed to stir at room temperature overnight.  Volatiles were 
removed under reduced pressure and the resulting thick oil was dissolved in a 10:1 
mixture of methanol:deionized water (approximately 50 mL) 48 hours.  Volatiles were 
removed under reduced pressure and the impure yellow solid was recrystallized from hot 
ethanol to afford the title compound as a bright yellow solid (2.9 g, 88%).  
1
H NMR 
(300.23 MHz, DMSO-d6) δ 7.81 (d, J = 9.9 Hz, 2H), 7.58 (d, J = 19.8 Hz, 1H), 7.76 (d, J 




H} NMR (75.50 MHz, 
DMSO-d6) δ  153.9 (d, J = 6.8 Hz), 150.4, 132.4, 119.5 (d, J = 8.5 Hz), 118.5 (d, J = 




H} NMR (161.91 MHz, DMSO-d6) 
δ 8.93.  Elemental Analysis calculated (found):  C 55.71 (55.75), H 6.11 (6.18), N 10.00 
(9.99).  EI-MS found for [M+H]
+








 A solution of p-bromobenzonitrile (1.85 g, 10 mmol), dicyclohexylmethylamine 
(2.93 g, 15 mmol), and diethyl phosphite (1.55 mL 12 mmol) in 40 mL of ethanol was 
sparged under a flow of nitrogen.  A mixture of triphenylphosphine (0.16 g, 0.6 mmol) 
and palladium (II) acetate (46 mg, 0.2 mmol) was added.  After heating at reflux 
overnight, the solution was diluted with 300 mL of ethyl acetate and the organic layer 
was washed three times each with 1N HCl, saturated sodium bicarbonate, and saturated 
sodium chloride solution.  The organic layer was dried over anhydrous magnesium 
sulfate, filtered, volatiles removed under reduced pressure to afford a dark, yellow oil.  
The oil was purified by column chromatography (1:3 hexane:ethyl acetate) to produce a 
bright yellow viscous oil (1.44 g, 60%).  
1
H NMR (300.23 MHz, CDCl3) δ 7.93 (m, 2H), 




H} NMR (75.49 MHz, 
CDCl3) δ 135.1 (d, J = 140.8 Hz), 132.5 (d, J = 7.3 Hz), 132.3 (d, J = 11.2 Hz), 118.1 (d, 











 A solution of diethyl 4-cyanophenyl phosphonate (0.50 g, 2.1 mmol) was made in 
15 mL of dry dichloromethane and bromotrimethylsilane (0.95 mL, 7.2 mmol) was added 
via syringe.  The mixture was capped with a greased stopper and allowed to stir for four 
hours.  The volatiles were removed in vacuo to produce a light-yellow oil.  This oil was 
dissolved in methanol (16 mL) and water (2 mL) and allowed to stir overnight.  The 
removal of solvents under reduced pressure produced a dark oil and the addition of 
dichloromethane to this oil caused the precipitation of an off-white solid (0.26 g, 67.8%).   
1
H NMR (300.23 MHz, DMSO-d6) δ 7.93 (dd, J = 7.96 Hz, 3.21 Hz, 2H) 7.82 (dd, J = 
12.61 Hz, 8.11 Hz, 2H).  Spectra were consistent with the desired compound and that 
reported in the literature.
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 A solution of p-bromonitrobenzene (4.0 g, 20.0 mmol), dicyclohexylmethylamine 
(5.9 g, 30 mmol), and diethyl phosphite (3.1 mL, 23.7 mmol) in 80 mL of ethanol was 
spaged under a flow of nitrogen.  A mixture of triphenylphosphine (0.32 g, 1.2 mmol) 
and palladium (II) acetate (90.5 mg, 0.4 mmol) was added under inert atmosphere.  After 
heating at reflux for 16 hours the clear yellow mixture was diluted with 300 mL of ethyl 
acetate and the organic layer was washed three times each with 100 mL portions of 1N 
HCl, saturated sodium bicarbonate solution, and saturated sodium chloride solution.  The 
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organic layer was dried over anhydrous magnesium sulfate, filtered, and volatiles 
removed under reduced pressure.  The resulting impure oil was purified by column 
chromatography packed with silica gel (1:3 hexanes:ethyl acetate).  Removal of volatiles 
under reduced pressure provided diethyl 4-nitrophenylphosphonate as a yellow oil (3.69 
g, 71%).  
1
H NMR (300.23 MHz, CDCl3) δ 8.28 (ddd, J = 9.00 Hz, 3.3 Hz, 1.50 Hz, 2H), 




H} NMR (75 MHz, CDCl3) δ 
150.1 (d, J = 3.68 Hz), 135.7 (d, J = 93.0 Hz), 132.9 (d, J = 10.5 Hz), 123.3 (d, J = 15.2 
Hz), 62.7 (d, J = 5.6 Hz), 16.3 (d, J = 6.2 Hz).  NMR spectra was consistent with that 
previously reported in the literature.
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 A solution of diethyl 4-nitrophenylphosphonate (1.5 g, 5.9 mmol) in 40 mL of dry 
dichloromethane was made and bromotrimethylsilane (2.3 mL, 17.4 mmol) was added 
via syringe.  The system was sealed with a greased stopper and allowed to stir for four 
hours.  The volatiles were removed in vacuo to produce a light yellow/orange oil.  This 
oil was dissolved in a mixture of methanol (41 mL) and water (7 mL) and allowed to stir 
overnight.  The removal of solvents under reduced pressure produced a dark 
yellow/orange oil.  Crystallization was noted after several days to produce the title 
compound in 95% purity (0.85 g, 72%) contaminated with diethyl 4-
nitrophenylphosphonate.  
1
H NMR (300.23 MHz, DMSO-d6) δ 7.93 (dd, J = 7.96 Hz, 
3.21 Hz, 2H) 7.82 (dd, J = 12.61 Hz, 8.11 Hz, 2H). 
1










 In a round bottom flask under inert nitrogen atmosphere 1-bromo-4-iodobenzene 
(5.00 g, 17.7 mmol) and tetrakis(triphenylphosphine)palladium (0) (0.37 g, 0.3 mmol) 
were combined and dissolved in anhydrous toluene (67 mL, 1148.8 mmol).  
Triethylamine (2.6 mL, 18.4 mmol) and triethylphosphite (3.1 mL, 17.7 mmol) were 
subsequently added and the mixture was heated to 50 °C.  Upon observing no formation 
of desired product by GC-MS an additional 0.5 g of palladium catalyst (0.4 mmol) was 
added and the mixture heated to 90 °C for 72 hours.  The reaction mixture was cooled, 
filtered, and purified by silica gel column chromatography eluting with 3:1 hexane:ethyl 
acetate followed by 95:5 dichloromethane:ethanol to afford a yellow oil (2.77 g, 54 %, 
AJG-III-113C).  
1
H NMR (399.96 MHz, CDCl3) δ 7.71 – 7.60 (m, 4H), 4.20 – 4.03 (m, 




H} NMR (161.91 MHz, CDCl3) δ 18.31.  
1
H NMR 
was consistent with that previously reported in the literature.
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 1-bromooctane (25.7 g, 133 mmol) was combined with triethylphosphite (68 mL, 
391 mmol) and the mixture was allowed to stir at 140 °C overnight.  Excess 
triethylphosphite was removed under reduced pressure (approximately 0.2 Torr) at 80 °C 
overnight to yield octylphosphonate as an oil (27.8 g, 86 %).  
1
H NMR spectrum is 
consistent with the desired product.
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 Octylphosphonate (10 g, 40.0 mmol) was dissolved in anhydrous 
dichloromethane (50 mL) and bromotrimethylsilane (15.0 mL, 114 mmol) was added via 
syringe.  The system was sealed with a greased stopper and allowed to stir overnight.  
Volatiles were removed under reduced pressure and the resulting viscous oil was 
dissolved in a solution of 10:1 methanol:water  (50 mL) and allowed to stir overnight.  
After removing volatiles, the product was recrystallized from acetronitrile to afford 
octylphosphonic acid as a white, crystalline solid (6.0 g, 77 %).  
1
H NMR spectrum was 
consistent with that of the desired product.
67
 




 3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctylphosphonate (10.4 g, 21.5 mmol) was 
dissolved in anhydrous dichloromethane (100 mL) and bromotrimethylsilane (9.0 mL, 
68.2 mmol) was added via syringe.  The system was sealed with a greased stopper and 
allowed to stir overnight.  Volatiles were removed under reduced pressure and the 
resulting viscous oil was dissolved in a solution of 4:1 methanol:water  (50 mL) and 
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allowed to stir overnight.  After removing volatiles, the product was recrystallized from 
acetronitrile to afford (3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)phosphonic acid as a 
white, crystalline solid (6.3 g, 71 %).  
1








 1-Bromododecane (25.2 g, 101 mmol) was combined with triethylphosphite (52 
mL, 299 mmol) and the mixture was allowed to stir at 140 °C overnight.  Excess 
triethylphosphite was removed under reduced pressure (approximately 0.2 Torr) at 80 °C 
overnight to yield diethyl dodecylphosphonate as an oil (29.6 g, 96 %).  
1
H NMR 
spectrum is consistent with the desired product.
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 Diethyl dodecylphosphonate (15.0 g, 49.0 mmol) was dissolved in anhydrous 
dichloromethane (50 mL) and bromotrimethylsilane (20.0 mL, 152 mmol) was added via 
syringe.  The system was sealed with a greased stopper and allowed to stir for 48 hours.  
Volatiles were removed under reduced pressure and the resulting viscous oil was 
dissolved in a solution of 10:1 methanol:water  (60 mL) and allowed to stir overnight.  
After removing volatiles, the product was recrystallized from acetronitrile to afford 
dodecylphosphonic acid as a white, crystalline solid (11.7 g, 96 %).  
1
H NMR spectrum 














H, 2H, 2H-perfluoro-1-iodododecane (20.1 
g, 29.8 mmol) was combined with triethyl phosphite (16 mL, 92.0 mmol) and the mixture 
was allowed to stir at 130 °C for 48 hours.  Excess triethyl phosphite and other undesired 
side products were removed by heating at 85 °C under vacuum (approximately 0.1 Torr) 
overnight.  A substantial amount of starting material sublimed, and was added back to the 
impure material.  Triethyl phosphite was then added to the combination of unreacted 
starting material and impure product (45 mL, 258.6 mmol) and reacted at 135 °C for an 
additional 72 hours.  Removal of excess triethyl phosphite under vacuum (80 °C, 
approximately 0.2 Torr) overnight afforded a brown, waxy solid.  A portion of this solid 
was purified by silica gel column chromatography eluting with a mixture of 9:1 ethyl 
acetate:hexanes to afford diethyl (3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-
henicosafluorododecyl)phosphonate as a white solid (3.1 g, 15.2 %).   The 
1
H NMR was 
consistent with that reported in the literature.
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 The phosphonate from the previous step was placed in a 250 mL round bottom 
flask (2.76 g, 4.0 mmol) and dissolved in anhydrous dichloromethane (approximately 25 
mL).  Bromotrimethylsilane (2.2 mL, 16.7 mmol) was added via syringe.  The reaction 
vessel was sealed with a greased stopper and the mixture allowed to stir at room 
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temperature overnight.  Volatiles were removed under reduced pressure and the resulting 
thick oil was dissolved in a 10:1 methanol:water solution, which was allowed to stir at 
room temperature for 6 hours.  After removal of volatiles in vacuo a white solid was 
obtained which was recrystallized from methanol to obtain the title compound (1.4 g, 
55.3 %). 
1









H} NMR (376.28 MHz, CD3OD) δ -80.47 (t, J = 7.5 
Hz, 2F), -114.50 (s, br, 3F), -120.80 (s, br, 10F), -121.80 (s, br, 2F), -122.57 (s, br, 2F), -
125.37 (s, br, 2F).  Elemental analysis calculated (found):  C 22.95 (22.80), H 0.96 (0.89), F 
63.52 (63.60). The 
1
H NMR was consistent with that reported in the literature.
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 The methyl magnesium bromide Grignard reagent (18.8 mL, 56.4 mmol, 3.0 M in 
ether) was placed into an oven dried three neck flask under nitrogen equipped with a stir 
bar, addition funnel, reflux condenser, and a septum.  The Grignard was allowed to cool 
to 0 °C for twenty minutes.  A solution of methyl 3,5-dimethoxybenzoate (5.0 g, 25.5 
mmol) in 50 mL of freshly distilled diethyl ether was made in a 250 mL schlenk flask 
that had been pumped under vacuum and filled with nitrogen three times prior to the 
addition of the ether.  The benzoate solution was then added dropwise.  The resulting 
milky white solution was allowed to stir at room temperature overnight.  The reaction 
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mixture was cooled in an ice bath and 100 mL of deionized water was slowly added to 
quench the reaction.  The resulting pH 10 solution was acidified to pH 3.5 with solid 
citric acid and subsequently washed three times with diethyl ether.  The organic phase 
was then washed three times each with saturated potassium bicarbonate and deionized 
water and then dried over anhydrous sodium sulfate.  Volatiles were removed to yield a 
brown oil, which crystallized after the addition of pentane.  The mixture was 
recrystallized four times from hot pentane to afford 2-(3,5-dimethoxyphenyl)propan-2-ol 
as colorless needles (2.4 g, 48%).  
1




 A solution of 2-(3,5-dimethoxyphenyl)propan-2-ol (0.50 g, 2.5 mmol) in 5 mL of 
freshly distilled THF was added to an oven dried 100 mL two neck round bottom flask, 
equipped with a reflux condenser, under a flow of nitrogen.  Dibutyltin dilaurate (0.05 
mL, 0.1 mmol) was added to the flask followed by sparged 3-
isocyanatopropyltriethoxysilane (0.73 mL, 3.0 mmol), dropwise over the course of 
several minutes.  The mixture was allowed to stir at 50 °C for 32 hours.  Volatiles were 
removed and the product was purified via column chromatography on silica gel (16:4:1 
hexanes:ethyl acetate:triethylamine).  Note that the column was not pretreated with 
triethylamine, and the compound was loaded utilizing the eluent to afford the title 
compound as a colorless oil (0.58 g, 55% after recovering 0.03 g of starting alcohol).  
1
H 
NMR (399.96 MHz, CDCl3) δ 6.51 (d, J = 2.0 Hz, 2H), 6.33 (t, J = 0.8 Hz, 1H), 4.93 (t, 
br, 1H), 3.81 (m, 6H), 3.77, (s, 6H), 3.1 (q, J = 6.4 Hz, 9H),  1.72 (s, 6H), 1.59 (s, 2H), 




H} NMR (100.58 MHz, CDCl3) δ 
160.8, 155.4, 149.6, 103.1, 93.4, 80.4, 60.8, 58.6, 55.4, 43.3, 29.2, 23.6, 18.4, 14.9, 7.8 
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ppm.  HRMS (FAB+) exact mass calculated (found) for [M
+
], m/z: 443.2339 








 Diethyl 3-(4-benzoylphenoxy)propylphosphonate (2.13 g, 5 mmol) was dissolved 
in 20 mL of dry dichloromethane and 2.25 mL (19.5 mmol) of bromotrimethylsilane was 
added.  The system was sealed with a greased stopper and allowed to stir overnight.  
Volatiles were removed to produce a brown oil, which was dissolved in methanol (33 
mL) and water (8 mL) and allowed to stir overnight.  After removal of solvent a white 
product was found in the reaction flask.  The product was then washed with water and 
placed in a separatory funnel.  Ethyl acetate was used to extract the insoluble phosphonic 
acid from the aqueous layer.  Volatiles were removed to produce a slightly off-
white/yellow free flowing solid.  The 
1
H NMR is consistent with what has been 









 Synthesis of the title compound was conducted according to the procedure 
previously reported in the literature with 
1
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FLUORINATED BENZYL PHOSPHONIC ACIDS ON ITO: 




3.1 Transparent Conducting Oxides 
 Transparent conducting oxides (TCOs) are a broad class of metal oxides that 
simultaneously have both high optical transparency and high electrical conductivity, thus 
enabling their use in optoelectronic devices.
2-3
  Research regarding TCOs has drastically 
increased over the last decade thanks in part to the explosion of laptop computers and 
tablets, and the ubiquity of flat screen displays.  This technological boom brings with it a 
global increase in energy consumption and has made research into alternative energy 
sources which use TCOs, such as organic photovoltaics (OPVs), very common as well.
4
  
Some of the more commonly used and studied metal oxides have been indium tin oxide 
(ITO), indium zinc oxide (IZO), and zinc oxide.
6-7
   
3.1.1 Indium Tin Oxide 
 Indium tin oxide has one of the lowest resistivity values among TCOs (1 – 2 × 10
-
4
 Ω cm), is mostly transparent in the visible region (> 90 %), and is readily available from 
commercial sources.  ITO (as well as other indium based oxides) is a relatively hard (~ 5 
– 6 on the Mohs hardness scale)
8
 polycrystalline material when deposited, and has a 
conductivity that originates primarily from oxygen vacancies in the lattice structure,    
formed during annealing.  Shallow donor levels from the In 5s electrons form around 
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these oxygen vacancies in indium oxide films, and the addition of tin doping serves to 
form another impurity band from the Sn 5s orbitals just below the conduction band, 
thereby decreasing the barrier to conduction.
1, 9
  This is schematically shown in Figure 
3.1.  Because of this combination of properties, ITO is now commonly used in 
applications such as displays, photovoltaics, transistors, and sensors.  Compatibilization 
of ITO with overlayers is therefore extremely important in device architectures and is 
why this substrate was selected for further analysis of phosphonic acid modification.    
 
 
Figure 3.1 Schematic energy-band diagram for ITO films.  The valence band originates 
from the O 2p orbitals with the In 5s orbitals making up the conduction band.  The In 3d 
band is also shown for reference and it lies below that of the O 2p.  VO symbolizes 
oxygen vacancies, which already have a low barrier to conduction.  The addition of tin 
doping adds additional donor levels.  Image adapted from the literature.
1
   
 
3.2 Phosphonic Acid Modification of ITO 
 As was discussed in 1.2.2.5 phosphonic acids have become an increasingly 
popular surface modifier and several review articles have been published about using this 
type of surface modifier.
10-11
  There are many surfaces, including nanoparticles and 
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 etc.). ITO is of particular interest due to the various properties 
summarized in 3.1.1.
17-20
 There are many methods of pre-treatment for ITO, including the 
use of acids, bases, plasma treatment, or thin layers of polymer prior to depositing an 
organic layer on its surface,
10, 21-22
 the use of phosphonic acids, however, have the ability 
to produce a stable, robust monolayer.  This monolayer can then aid in compatibilization 
of the ITO surface with an organic overlayer and allow for the work function of the ITO 
substrate to be tuned precisely.   
 Modification of the ITO substrate is also a relatively straightforward process, 
though it should be noted that multiple deposition conditions have been reported for the 
formation of phosphonic acid monolayers on ITO.  In general, the modification occurs by 
making a dilute solution (on the order of 1 – 10 mM in concentration) of the phosphonic 
acid in a polar solvent and allowing the substrate to soak in a solution of the modifier.  
This soaking can occur through the use of a technique such as tethering by aggregation 
and growth (T-BAG) where the sample is held vertically in the phosphonic acid solution 
and the solvent allowed to evaporate until the substrate is no longer immersed, as 
schematically demonstrated in Figure 3.2.
23
  Alternatively, a modified version of this 
technique places the sample horizontally in solution and allows the solvent to evaporate 
until the sample is above the level of the phosphonic acid solution.
16, 24







 and spray coating
29-30
 
to form monolayers of phosphonic acids on planar substrates.  Simple solution soaking on 
the order of hours to days is still the most commonly employed technique to achieve 
successful modification of the surface with phosphonic acids.
31
  Note that dilute solutions 
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of base are also often used to remove any excess physisorbed phosphonic acid from the 
surface and aid in ensuring a pristine monolayer has been formed after modification. 
 
 
Figure 3.2 Schematic representation of tethering by aggregation and growth.  Image 
adapted from the literature.
23 
 
3.3 Literature Precedents Regarding Analyzing Phosphonic Acid Monolayers 
 The central theme of this chapter is the examination of a variety of benzyl 
phosphonic acids on the surface of ITO to better understand the interrelationships that 
exist between work function changes, molecular orientation of the surface modifier, and 
its coverage.  Some of the basic characterization, such as binding of phosphonic acids to 
the surface of ITO and ZnO, were discussed in 1.4.5.  In order to put this particular 
chapter in context with work already published, a brief summary is provided to examine 
what has already been done to examine work function tuning and molecular orientation 
of phosphonic acid surface modifiers on ITO. 
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3.3.1 Work Function Tuning of ITO and Dipolar Phosphonic Acids 
   When utilizing a dipolar surface modifier to tune the work function of a material, 
the general rule of thumb is that placing a molecule with a dipole having the positive end 
point away from the surface (thus putting more electron density near the surface) causes a 
change in potential, making it easier to remove an electron, (i.e. a reduction of the work 
function).  Alternatively, if the negative end of a dipole points away from the surface 
(thus removing electron density near the surface due to the nearby positive end of the 
dipole) then it becomes harder to remove electrons from the surface to vacuum, which 
causes an increase in the work function.  This is demonstrated schematically in Figure 
3.3.  One of the earliest reports to use phosphonic acids in order to decrease the WF of 
ITO used 2-chloroethanephosphonic acid.
32
  It should be noted, however, that this study 
did not provide WF measurements by UPS or KP, but instead posited that because OLED 
device performance when the modifier was used proved to be similar to that of a Mg:Ag 
electrode and thus that the WF had decreased.  In a follow-up study to the previous one, 
amine, trichloro, nitro, and chloro terminated phosphonic acids were used and it was 
shown with KP that the WF had not decreased relative to bare ITO for 2-
chloroethanephosphonic acid, and only the amine terminated phosphonic acid showed a 
decrease in WF of approximately 0.1 eV.
33
  This work was later built upon by showing 
the changes in surface energy and wettability caused by phosphonic acid modification in 






Figure 3.3 Schematic representation of phosphonic acids with molecular dipoles pointing 
toward and away from the surface (top).  Shown is a generalized variation in the 
electrostatic potential caused by the dipole present in the phosphonic acid between the 
surface of the solid and vacuum.  Electrostatic potentials adapted from Appleyard.
32-33
    
 
 While there have been some studies conducted to examine the lowering of work 
function through the use of phosphonic acids such as those discussed above, as well as 
one study involving the use of a quarterthiophene phosphonic acid derivative (ΔWF = -
0.28 eV),
35
 the majority of studies have focused on increasing the work function of ITO.  
A summary of the molecules used in these studies as well as work function values 
obtained by various techniques are shown in Table 3.1.  There are several factors that this 
information highlights.  The first of which being the reproducibility of phosphonic acid 
surface modification of ITO and the resulting work function obtained.  There are a few 
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instances where, depending on the measurement technique, the WF differs by ~ 0.1 – 0.3 
eV, but the vast majority of the measurements are highly consistent.  For instance, ITO 
modified with pentafluorobenzylphosphonic acid (PFBPA) has been measured by KP, 
UPS, low-intensity X-ray photoelectron spectroscopy (LIXPS), and photoelectron yield 
spectroscopy (PYS) and in all cases a WF between 4.9 and 5.1 eV was obtained.  PFBPA 
has also been used to examine the impact that modification conditions (and consequently 
phosphonic acid coverage and WF) have on ITO.
31
  Data from these studies has also 
demonstrated that the interface dipole created by the phosphonic acid on the surface of 
ITO is largely responsible for these changes in WF values.
10, 36-38
  Thus, it is possible to 
tune the WF of ITO to values between slightly below that of detergent solvent cleaned 
ITO (~ 4.6 eV) to values obtained through oxygen plasma cleaning (> 5.4 eV).   
 
Table 3.1 Summary of literature work function values of various phosphonic acid 
modifiers on the surface of ITO.  The measurement technique PYS measures the 
photocurrent while irradiating a sample with monochromatic light of variable energy and 
is detailed in the supplementary information of Lacher.
37
 The details regarding LIXPS are 
given in the supporting information of MacLeod.
39
  Work function values provided in red 










































































































































































































   
 















































3.3.2 Molecular Orientation of Phosphonic Acids 
 Many aspects to phosphonic acid surface modification have become very well 
understood within the last 10 – 15 years such as materials that can be modified with 
phosphonic acids, modification methods, binding to the surface, influence on work 
function, and effectiveness in device architectures for enhancing efficiency.  However, a 
molecular level understanding of how phosphonic acids orient themselves once on the 
surface of the substrate has not been greatly explored in comparison to other surface 
modifiers.  Table 3.2 provides a summary of literature reports of phosphonic acid tilt 
angles on various substrates.  Of these reports very few provided a systematic approach 
to examining tilt angle of these surface modifiers.  Furthermore, while alkyl phosphonic 
acids had been examined in several cases, phenyl and benzyl phosphonic acids had not 
been examined prior to collaborative efforts between Georgia Tech, the University of 
Washington, the University of Arizona, the National Renewable Energy Laboratory, and 
the Stanford Synchrotron Radiation Lightsource (SSRL).
49-50
  
 The earliest report of measuring the tilt angle of phosphonic acids actually dates 
back to 2002 where multiple layers of zirconium bisphosphonates on the surface of ITO 
were examined.  While spectroscopic ellipsometry indicated the molecules were not 
standing upright, a tilt angle for a terphenylbisphosphonic acid monolayer was reported 
to be between 45 – 60° (relative to the surface normal) based on carbon NEXAFS.  No 
further details were provided and a reference cited as “in preparation” appears to never 
have been published.
51-52
 The value reported, however, appears to be consistent with 
angles of ~ 55° for multilayers of a ruthenium complex bearing phosphonic acids on 
silica and zirconia.
53
  One other more complex structure that has been examined is a 
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perylene based phosphonic acid on the surface of titania, which found the molecules tend 
to adopt orientations more parallel to the surface (66° relative to the surface normal) even 




Table 3.2 Summary of phosphonic acids for which experimental determinations of 
molecular tilt angle have been conducted.  The substrate being modified, modification 
conditions, and method used for determining the tilt angle are also provided.  Note that 
PM-ATR is potential-modulated attenuated total reflectance.  See footnote for the tilt 
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1
 Angle between the transition dipole moment of the ring system and the surface normal.  See Figure 3.22 
for a similar orientation convention. 
2

















































































 Alkyl phosphonic acids have been the most studied thus far in the literature.  
Work using alkyl phosphonic acids on alumina using IR spectroscopy (using reference 
alkyl thiols on gold) found that these long-chain phosphonic acid monolayers have a tilt 
angle between the alkyl backbone and the surface normal of between 10° and 15°, which 
is indicative of bidentate binding to the surface.
58
  Similar alkyl phosphonic acid 
                                                 
3
 Specified as the long molecular axis versus the surface normal. 
4
 Angle as multiple layers are formed with the assumption the first monolayer is upright and 55° from the 
surface normal thereafter. 
5
 Angle that exists between the molecular plan normal and normal to the ITO surface 
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molecules were used to prepare Langmuir-Blodgett monolayers on glass substrates (20 – 
30°)
59
 as well as on silicon surfaces (37°).
64
  Chain length variation was also found to 
have an impact on the ordering of the molecules as one study varied the alkyl chain 
length between 6 and 18 carbons on ITO.  It was found that with increasing chain length 
comes a trend to form more upright packing going from tilt angles of ~ 48° to ~ 28° for 
C6 to C8 chains, respectively.
65
 This is consistent with data from another NEXAFS study 




3.3.3 Tilt Angle Studies of Phenyl and Alkyl Phosphonic Acids on IZO and ITO 
 As discussed in 3.3.2 there have been studies conducted to examine the 
orientation of some alkyl phosphonic acids on ITO.  The purpose of this summary is to 
provide context of the results discussed later in the chapter by introducing the antecedent 
work that enabled the orientation studies of benzyl phosphonic acids on ITO.  Gliboff’s 
initial study focused on determining the orientation of phenylphosphonic acid on the 
surface of IZO experimentally through a combination of NEXAFS and PM-IRRAS then 
comparing these results to those of density functional theory (DFT) calculations.
50
  IZO 
was chosen for this initial study both due to its recent use in organic optoelectronic 
devices and its ability to form conformal films on gold surfaces, which is critical for 
IRRAS measurements as discussed in 1.4.5.  Very good agreement was found between 
the three methods affording average tilt angles between the plane of the benzene ring and 






 The follow-up work to this initial study focused on fluorinated and non-
fluorinated phenyl and alkyl phosphonic acids on the surface of ITO.
49
  In this instance 
ITO was used instead of IZO, and thus it was necessary to confirm similar orientation 
values of phenylphosphonic acid on ITO before examining other surface modifiers.  
Indeed, the tilt angle of phenyl phosphonic acid on ITO (21 – 11°) was similar to that 
found for IZO and also agreed with theoretical calculations.
49
  A summary of the 
molecules examined in this study and the tilt angles obtained are provided in Table 3.3.  
The overall conclusion from this study was that aryl and alkyl phosphonic acids behave 
very differently on the surface of a metal oxide and that introducing fluorination has a 
marked impact on the binding mode and packing of the modifier.  Similarly, DFT 
calculations showed that the coverage of the surface modifier also played an impact on 
the calculated tilt angles.  It should also be pointed out that in the case of octylphosphonic 
acid there was good agreement between these data and the data reported for alkyl 
phosphonic acids shown in Table 3.2. 
 
Table 3.3 Summary of phosphonic acid molecules examined by NEXAFS and DFT on 
the surface of ITO as reported in Gliboff.
49
  All values are reported relative to the surface 
normal and use the angle convention discussed in 3.9.1.  Note that no appreciable 
differences were observed by DFT for the tilt angles of the two phenyl molecules.  
Differences depending on the binding geometry were noted. 
Phosphonic Acid 
NEXAFS Tilt Angle 
(°) 
DFT Tilt Angle 
(°) 
 
30 ± 5 - 
 
41 ± 8 - 
 
27 ± 4 
bidentate: 
22 – 15 
tridentate: 




NEXAFS Tilt Angle 
(°) 
DFT Tilt Angle 
(°) 
 
19 ± 4 
 
3.4 Selection of Phosphonic Acid Molecules for Study 
 Based on the results obtained for the alkyl and phenyl phosphonic acids it was 
determined that other potentially technically relevant phosphonic acids should also be 
examined on the surface of ITO.  As can be seen in Table 3.1 a large number of 
phosphonic acids that have been currently studied in the literature or used in devices have 
been benzyl phosphonic acids.  Therefore, in order to achieve a better understanding of 
these molecules on the surface of ITO, it was determined that the next logical step would 
be to apply the knowledge previously acquired in analyzing alkyl and phenyl phosphonic 
acids and apply them to benzyl phosphonic acids.  In particular, fluorinated benzyl 
phosphonic acids were chosen due to their ability to drastically alter the work function of 
a substrate because of the molecular dipoles induced by the presence of the fluorine 
groups.  Moreover, fluorination also has the added benefit of allowing more 
straightforward characterization of the surface after modification by XPS analysis as 
fluorine is not a common contaminant deposited on the surface by standard processing 
techniques.  Fluorine (like the other halogens) has a large relative sensitivity factor 
compared with other elements and thus even small concentrations of fluorine on the 
surface of a substrate can be readily detected by XPS, which is ideal for the analysis of 
monolayers. 
 The phosphonic acids that have been chosen for this study are summarized in 
Figure 3.4.  All of the compounds were made as discussed in Chapter 2.  As there are a 
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number of molecules used for the study, abbreviations have been assigned to each 
compound; these are provided in Figure 3.4.  Several of the compounds (e.g. PFBPA, 4-
CF3BPA, 3,4,5-F3BPA, etc.) have already been well characterized in terms of work 
function changes as shown in Table 3.1, but the selection of these 14 phosphonic acids 
allows for a very systematic examination of the impact that molecular dipole has on 
altering the work function of a substrate.  Analysis of molecular tilt angles allows for 
better understanding any outlier work function changes that differ from expectations 
based on molecular dipole alone.  The inclusion of BPA also provides a point of 
comparison with a non-fluorinated compound.    
 
 
Figure 3.4 Summary of benzyl phosphonic acids used throughout the study along with the 
abbreviations for each molecule that will be used throughout the chapter.       
 
3.4.1 Comparison of Dipole Moments for Analogous Tolyl Compounds 
 In an effort to better highlight the anticipated changes in molecular dipole, the 
dipole moment for the substituted toluene analogues of the substituted benzyl phosphonic 
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acids shown in Figure 3.4 (i.e. where the PO3H2 moiety is removed and replaced with H) 
was calculated in Spartan.  These DFT level calculations were conducted on the molecule 
in its ground-state conformation using B3LYP/6-31G**.  In order to allow comparison 
between these molecules an arbitrary axis needs to be chosen, which in this case was the 
axis defined by the line linking the CH3 substituent to the carbon of the ring para to the 
CH3 substituent  (as labelled in the first row of Figure 3.5).  The calculated dipole 
moment vectors were then projected onto this axis and a sign convention chosen based on 
using a molecule standing vertically on a substrate with the methyl group closest to the 
surface.  Thus, if the negative end of the dipole is located away from the surface, then the 
value is negative, and if the negative end of the dipole is located close to the surface, then 
the value is positive.  This sign convention will be used throughout the chapter and is 




Figure 3.5 Calculated dipole moments for analogous substituted toluene derivatives as 
calculated from Spartan.  Note that the dipole moments in red correspond to the value for 
the vector shown with each compound.  The values in blue correspond to the magnitude 
of the projection of the dipole moment onto the C1 – C4 axis in the molecule.  This axis 





Figure 3.6 Dipole moment convention used for tolyl compounds and phosphonic acids 
throughout this chapter.  Note that the sign convention follows the dipole sign farthest 
away from the surface.  That is the negative end points away from the surface then there 
is a negative dipole moment and when the positive end points away from the surface, a 
positive dipole moment is obtained.  
 
 These tolyl compounds accentuate the changes in dipole moments that are 
expected for their phosphonic acid counterparts and serve as a good representation for 
comparative purposes as all molecules have the same phosphonic acid binding group.  
This also allows for a quick estimation of which molecules should increase the work 
function when deposited on the surface and which molecules should aid in decreasing the 
work function of the ITO substrate.  Also, while not only directionality of the dipole was 
changed, the overall magnitude was altered through the use of fluoro and trifluoromethyl 
groups. 
3.5 ITO Selection and Surface Modification with Benzyl Phosphonic Acids 
 There are multiple deposition protocols for placing phosphonic acids on the 
surface, and according to a recent study, the choice of protocol can impact the work 
function and coverage;
31
 thus it was essential to keep modification conditions consistent 
for all compounds.  In an effort to best match what had already been done on IZO and 
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ITO the modification protocols for prior orientation studies was followed.
49-50
  Similarly, 
as ITO can differ from manufacturer to manufacturer and because roughness does impact 
both NEXAFS measurements and coverage calculations it was decided that supersmooth 
ITO from Thin Film Devices would be used rather than the more commonly used ITO 
from Colorado Concepts.  The main difference between these substrates is the RMS 
roughness values as determined by AFM, which are typically ~ 3 nm for the “rough” ITO 
and typically ~0.5 – 0.7 nm for the smooth ITO, both over 5 micron square areas, as 
shown in Figure 3.7.  In the case of the smooth ITO, the roughness is below the point at 
which it impacts measuring alkyl phosphonic acids on ITO.
65
  Experimental details for 
the surface modification protocol can be found in 3.11.2. 
3.6 Coverage Analysis of Benzyl Phosphonic Acids on ITO Using XPS 





 the coverage of phosphonic acids on the surface of ITO has a relatively 
strong impact on the work functions that are obtained after modification.  Therefore, in 
order to better understand the role that coverage plays in impacting the orientation of the 
modifiers on the surface as well as the measured work function it was necessary to 
quantitatively determine the coverage of the surface modifiers.  Sparse coverage or 
highly dense coverage can aid in explaining differences observed in work function values 
from what would be expected based on molecular dipoles.  Computing these values also 
allows for the examination of sample to sample variation and will allow for an 
examination of the role that steric interactions play in the ability of a phosphonic acid to 






Figure 3.7 Comparison of ITO used in this study (supersmooth ITO) with more 
commonly used “rough” ITO (Colorado Concepts).  The top images are both 5 micron 
scales and the bottom image is a 1 micron area of the supersmooth ITO obtained directly 
from the center of the 5 micron image. 
 
3.6.1 Determination of Correction Factor for Experimental Data 
 When conducting XPS analysis, the X-rays penetrate far deeper than the actual 
information depth, and in order to obtain quantitative data, this analysis depth (which 
follows e
-x
) must be taken into account since it causes signal attenuation with increasing 
depth.  Approximately 95 % of the signal in XPS originates from within a distance of 3 
inelastic mean free paths from the surface (3λ).
5, 68
  The inelastic mean free path is an 
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index of how far an ejected electron can travel through a solid element or compound 
before encountering an inelastic scattering event and losing energy.  This means electrons 
ejected from deeper within the substrate are less likely than those at the surface to be 
detected and this leads to signal attenuation.  In order to quantitatively analyze XPS for 
coverage this attenuation needs to be accounted for and thus experimental data needs to 
be corrected.  The origin of these correction factors has been previously discussed and 
was worked on in tandem with Paniagua.
31, 69-70
  A summary of how these correction 
factors are determined can be found in Appendix B. 
3.6.2 Calculation of Coverage – Comparing Experimental Data with Surface Models 
 Based on the previous section and the details provided in Appendix B there is 
now a correction factor that can be utilized to take into account experimental attenuation.  
In order to take advantage of this factor it should be possible to compare the experimental 
data with that of a close-packed complete monolayer of the phosphonic acid in question 
on ITO.  This can be done by comparing experimentally determined XPS atomic ratio 
values with atomic ratios obtained from theoretical calculations of each individual 
phosphonic acid when it is geometry-optimized on the surface of an ITO slab. 
 In order to perform the experimental quantification using the ratio of two 
elements, it is necessary to first account for several factors that contribute to the overall 
observed intensity for a given element.  These factors are corrected through the use of a 
sensitivity factor, σ, such that instrument specific parameters, intensity due to the 
different kinetic energy values at which the observed ionizations occur, and intensity due 
to the probability of excitation for a given element.  Thus, a sensitivity factor such as 
                      would mean that sensitivity factors for the In 3d3/2 peak which 
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occurs at a kinetic energy of 1041.8 eV are taken into account (for the sake of clarity the 
kinetic energy will be omitted from the following equations).  Also, note that if indeed 
only the In 3d3/2 peak were to be used for quantification the sensitivity factor would need 
to be adjusted as it does not account for spin-orbit coupling.   
 In the case of fluorinated benzyl phosphonic acids on ITO the atomic ratio used to 
characterize the coverage is that of F/In.  These two elements were chosen due to the 
unique signature from fluorine provided by the phosphonic acid (use of carbon would 
afford far less reliable results due to the presence of carbonaceous carbon not originating 
from the phosphonic acid monolayer) and that of indium from the underlying substrate as 
ITO is mostly indium with typically <10 % tin.  Furthermore the sensitivity of these two 
elements in XPS allows for acquisition of reliable monolayer data.  Taking into account 
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  Equation 3.1 
 Now that the experimental ratios have been computed it is necessary to determine 
the theoretical values for the close packed monolayer of the phosphonic acid on ITO.  
This requires knowledge of the unit cell of ITO used in the DFT calculations, 
determining the optimized geometry of each phosphonic acid on the surface of ITO and 
then calculating the footprint of each molecule. These calculations were conducted by 
Alexander Hyla in Dr. Jean-Luc Brédas’ group using the ITO unit cell that is shown in 
Figure 3.8.  The unit cell is based on a bulk In2O3 crystalline structure with tin 
substitutions present in ratios similar to those determined experimentally.  The (222) 
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surface was selected as it best matches the most abundant face from a variety of 
deposition techniques, and surface free oxygen atoms are hydroxylated.
71
  This unit cell 
volume is comprised of three layers of ITO and each individual layer has dimensions of 
1.43 × 2.48 × 0.33 nm (l×w×h) and contains 28 indium atoms and 4 tin atoms.  
 
Figure 3.8 (Left) Bulk In2O3 unit cell with the (222) plane highlighted.  (Right) Top view 
of hydroxyl terminated ITO (222) surface slab as optimized by DFT level of 
computation.  The unit cell is indicated by the boundary box.  Tin substitutions were 
randomly distributed over cationic positions in the slab.  The unshaded polyhedral 
indicate chemically active surface sites including under-coordinated metal ions and 
surface hydroxyl groups.  Image modified from the literature.
71
 
 As has been discussed in the previous section, the information depth is a distance 
of 3λ from the surface.  Using the compilation of experimentally determined inelastic 
mean free paths by Seah
5
 it was possible to determine the value of λ for In at the binding 
energy of the In 3d peak, and thus in a depth of 3λ (8.4 nm) there are 25.3 layers of ITO.  




 it is 
possible to determine the number of indium atoms present in the volume beneath the 
single phosphonic acid molecule to a depth of 3λ (in this instance 45 indium atoms).  
This means that the ideal F/In ratio is 
 
  
  or 0.11.  Using the fact that attenuation is 
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present in the experimental data it is possible to perform the comparison in one of two 
ways, both of which afford the same result: 
 Correct the theoretical data to take into account attenuation, thereby reducing the ratio 
to match the experimental data, and thus use a multiplicative factor of  
     
  
      . 
 Correct the experimental data to remove the attenuation that is experienced 
experimentally and bring it in line with the theoretical ratio using a multiplicative 
factor of 
  
     
     . 
The final 
(   ⁄ )   
(   ⁄ )      
      affords a percentage value compared with that of an ideal 
monolayer.  Note that the assumption is made that the monolayer itself has no attenuation 
as its length scale is extremely small compared to the bulk ITO information depth.   
3.7 Coverage Analysis of Fluorinated Benzyl Phosphonic Acids on ITO 
 After modification of the smooth ITO surface with phosphonic acids as discussed 
in 3.11.2, samples were transferred to the XPS instrument for analysis.  Multiple sample 
preparations were completed using the same phosphonic acids to ensure data consistency 
from batch to batch.  Freshly plasma cleaned ITO, detergent solvent cleaned (DSC) ITO, 
and plasma cleaned and ethanol soaked ITO were examined as reference points; paying 
particular attention to ensure no fluorine contamination was present on these bare 
samples.  All substrates were also examined in 3 spots to ensure homogeneity of the 
modification and consistency of the data across the entire surface.  A comparison of the 
normalized XPS data for DSC, DSC/plasma cleaned, DSC/plasma cleaned ethanol 
soaked, and PFBPA modified ITO are shown in Figure 3.9.  It should be noted that the 
DSC/plasma cleaned, ethanol soaked sample is an ITO sample that is treated in exactly 
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the same manner as a phosphonic acid modified sample, but without the presence of a 
phosphonic acid in the modification solution.  This reference demonstrates the large 
amount of adsorbates that deposit on the surface of cleaned ITO from solution when 
phosphonic acids are not present.  Similarly, in the case of a low coverage phosphonic 
acid these adsorbates would presumably also be present in relatively high quantity 
compared with an ITO sample having close to a well-packed monolayer.  
 
 
Figure 3.9 Comparison of XPS survey spectra for DSC followed by plasma, DSC, DSC 
followed by plasma cleaning and immersion in ethanol, and PFBPA modified ITO.  The 
core level peaks have been labelled for convenience.  Note the lack of fluorine in the 
spectra without the phosphonic acid and the drastic changes observed in the carbon peak 
intensity.  Note spectra have been normalized and offset for clarity.   
 
3.7.1 Comparison of Monolayer Purity through C 1s Spectra    
 Further comparison of survey spectra are not shown, as this type of low resolution 
spectra was used mainly to confirm the presence of the modifier on the surface (via the 
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presence of fluorine or phosphorus) and to determine that no other surface contaminants 
are present.  High-resolution spectra were used in quantification of atomic peaks by XPS 
and as previously discussed F 1s and In 3d peaks were chosen for use in coverage 
calculations (see 3.6.2).  In the case of these benzyl phosphonic acids, the C 1s peak can 
also provide immediate qualitative information regarding the coverage as is demonstrated 
when comparing the C 1s peak intensities of 2-CF3BPA, 3-CF3BPA, 4-CF3BPA, and 
2,6-CF3BPA which are shown in Figure 3.10.  The peak at ~293 eV originates from the 
CF3 groups bound to the aromatic ring.  From the graph below it is possible to deduce 
that binding of a phosphonic acid is problematic when large groups (such as CF3) are 
near the sterically hindered ortho positions.  This may explain why both 2,6-CF3BPA 
and 2-CF3BPA have such diminished peaks in this region as substitution at the ortho 
position precludes the formation of a high coverage monolayer.  This is particularly true 
in the case of 2,6-CF3BPA as it has twice the number of trifluoromethyl groups as any of 
the other three molecules, but also has the smallest peak in this region.  Note that it is 
possible that some of the lack of signal may also originate from the orientation of the 
molecule on the surface.  Depending on the orientation it could cause attenuation of the C 
1s peak as electrons excited from the CF3 groups in 2-CF3BPA or 2,6-CF3BPA have to 
traverse more of the monolayer than the other molecules.  Such attenuation of 
photoelectrons within a monolayer, however, is more commonly observed in long alkyl 




Figure 3.10 Comparison of C 1s peaks for 2-CF3BPA, 3-CF3BPA, and 4-CF3BPA.  
Spectra have been normalized and offset for clarity.  Note the drastic difference in 
intensity for the CF3-Ph peak between the 2-CF3BPA and 2,6-CF3BPA compared with 
both 3-CF3BPA and 4-CF3BPA.  
 
 A similar examination of the C 1s spectra for the analogous fluorine-substituted 
versions of the molecules shows little change in shoulder that originates from the fluorine 
substitution for 2-FBPA, 3-FBPA, or 4-FBPA.  Interestingly, the shoulder in the case of 
2,6-F2BPA is distinctly more pronounced than that of its monosubstituted counterparts, 
which is consistent with what would be expected for a molecule containing more fluorine 
atoms.  Thus, it appears, to a first approximation, that, while the trifluoromethyl groups 
interfere greatly with the ability of the phosphonic acid to form a high-purity monolayer 
on the surface, fluorine groups do not have as great an impact on binding when 




Figure 3.11 Comparison of C 1s peaks for 2-FBPA, 3-FBPA, 4-FBPA, and 2,6-F2BPA.  
Spectra have been normalized and offset for clarity.  As opposed to what was observed in 
Figure 3.10 similar spectral features are observed for all three of the monosubstituted 
phosphonic acids. 
 
3.7.2 Monolayer Purity from F/C Atomic Ratios 
 Examining the F/C atomic ratios through the use of F 1s and C 1s peaks it is 
possible to gain insight regarding purity of the monolayer.  A high-purity monolayer that 
is well-packed will contain minimal carbonaceous contamination and thus have a F/C 
ratio that is close to the ratio given by the number of F and C atoms in the free molecule.  
The lower the purity of the monolayer, and thus the more carbonaceous contaminants that 
can be present at the surface, the further the experimental ratio will deviate from the ideal 
ratio.  The summary of the experimentally determined atomic ratios and how these values 
compare with the ideal value for each individual benzyl phosphonic acid is found in 
Table 3.4.  It is in principle possible to use P and C atoms to analyze this ratio, but 
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because the characteristic phosphorus P 2s or P 2p ionizations have a low cross-section in 
XPS the ratio is far less reproducible sample to sample and spot to spot. 
 
Table 3.4 Atomic ratio of fluorine to carbon of phosphonic acids on the surface of ITO.  
Shown are the abbreviation for the molecule, the number of fluorine atoms present in the 
molecule (since all compounds have 7 carbon atoms), the ideal atomic ratio of F/C in the 
molecule, the atomic ratio given by F 1s/C 1s, and the ratio of experimental F/C to F/C in 
the compound expressed as a percentage (Monolayer Purity). Experimental atomic ratios 
are averaged over 3 spots with the given error as the standard deviation of these spots. 
Phosphonic 
Acid 





F 1s/C 1s 
Monolayer 
Purity 
PFBPA 5 0.71 0.58 ± 0.04 82 % 
2-FBPA 1 0.14 0.08 ± 0.01 57 % 
3-FBPA 1 0.14 0.10 ± 0.01 71 % 
4-FBPA 1 0.14 0.10 ± 0.01 71 % 
2-CF3BPA 3 0.43 0.27 ± 0.03 63 % 
3-CF3BPA 3 0.43 0.27 ± 0.02 63 % 
4-CF3BPA 3 0.43 0.32 ± 0.01 74 % 
2,3-F2BPA 2 0.29 0.17 ± 0.02 59 % 
3,4-F2BPA 2 0.29 0.20 ± 0.01 69 % 
3,5-F2BPA 2 0.29 0.22 ± 0.02 76 % 
3,4,5-F3BPA 3 0.43 0.32 ± 0.01 74 % 
2,6-F2BPA 2 0.29 0.10 ± 0.03 34 % 
2,6-CF3BPA 6 0.86 0.16 ± 0.01 19 % 
 
 In addition to atomic ratios given, Table 3.4 also provides a percentage value 
regarding the purity of the monolayer, using the terminology used in the literature.
31
  
Note that these are not coverage values, which will be provided in 3.7.3, but instead are a 
measure of how much carbonaceous carbon is present on the ITO, or on top of the 
phosphonic acid monolayer.  What can be observed from this data is similar to what was 
qualitatively discussed in 3.7.1.  Benzyl phosphonic acids with substitutions in the 2 
and/or 6 position of the ring tend to have a lower monolayer purity and therefore have not 
reacted completely with the surface to produce a well-packed monolayer.  Molecules 
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such as PFBPA, 4-FBPA, 4-CF3BPA, 3,4-F2BPA, 3,5-F2BPA, 3,4,5-F3BPA all have 
extremely similar “purity” values between ~ 70 – 80 %. This data indicates that unless 
there is some steric hindrance that the ability to modify the surface of the ITO is similar 
regardless of the benzyl phosphonic acid used.  There are notable exceptions to this 
conclusion, the first of which is PFBPA, which has the highest purity value meaning it 
can pack more readily.  The other exceptions to the trend are 2-CF3BPA and 3-CF3BPA, 
which have higher and lower purity values, respectively, than would be expected when 
compared with the other molecules in the series.  Thus, it appears that a factor such as 
steric hindrance or molecular orientation is allowing 2-CF3BPA to bind more readily 
than anticipated and 3-CF3BPA to leave more unmodified sites on the ITO.   
3.7.3 Phosphonic Acid Coverage on ITO 
 Coverage values for the series of fluorinated benzyl phosphonic acids were 
calculated as discussed in 3.6.2 using the footprint of each phosphonic acid as geometry 
optimized on the surface of ITO by DFT calculations conducted by Alexander Hyla.  
Table 3.5 summarizes the molecular footprint used for each phosphonic acid in the 
coverage calculation, the percent coverage value obtained from the comparison of 
experimental F/In ratio compared to those calculated for a full monolayer, the ideal 
absolute coverage value (in molecules/cm
2
) from the given footprint, and the 
experimental absolute coverage as translated from the percent coverage.  Figure 3.12 
provides a visualization of these differences in molecular footprint of the various 
molecules relative to one another and Figure 3.13 provides a visualization of the 




Table 3.5 Comparison of fluorinated benzyl phosphonic acid coverage values.  The 
molecular footprints given were calculated at the DFT level on surface-bound, geometry 
optimized phosphonic acids on a slab of ITO.  The percent coverage values were 
obtained from the calculations shown in 3.6.2, and the ideal absolute coverage values 
obtained using the footprint of the phosphonic acid.  The percent coverage values can 




























PFBPA 22.62 4.42 86 % 3.81 
2-FBPA 22.47 4.45 71 % 3.16 
3-FBPA 20.57 4.86 78 % 3.80 
4-FBPA 20.05 4.99 84 % 4.20 
2-CF3BPA 29.04 3.44 78 % 2.69 
3-CF3BPA 31.25 3.20 91 % 2.91 
4-CF3BPA 24.39 4.10 88 % 3.63 
2,3-F2BPA 22.99 4.35 69 % 3.02 
3,4-F2BPA 20.56 4.86 78 % 3.80 
3,5-F2BPA 21.41 4.67 84 % 3.91 
3,4,5-F3BPA 21.65 4.62 83 % 3.85 
2,6-F2BPA 20.97 4.77 42 % 2.02 









Figure 3.12 Visual comparison of molecular footprint for each phosphonic acid on ITO 
ordered in increasing size from left to right, top to bottom.  The red background box 
serves as a reference point to the phosphonic acid with the largest footprint, 2,6-CF3BPA 




Figure 3.13 Visual comparison of absolute coverage for each phosphonic acid on ITO 
ordered in increasing coverage from left to right, top to bottom.  The molecular footprints 
from Figure 3.12 to show the relationship between coverage and footprint, with the 




 From the above table it becomes evident that, in general, fluorinated benzyl 





The coverage value for PFBPA is completely consistent with the value of 85 % reported 
in the literature for longer modification times .
31
  Comparing monosubstituted molecules, 
there is a clear trend in the absolute coverage (number of molecules per area) observed 
for the molecules that is not necessarily evident when looking at only percent coverage 
values.  This is because the absolute coverage values take into account the differences in 
molecular footprint.  For instance, consider the case of 3-CF3BPA and 4-CF3BPA.  In 
this comparison 3-CF3BPA has a percent coverage value of 91 % while 4-CF3BPA is 
88%, however, looking at absolute coverage the values are 2.91 × 10
14 





, respectively.  Thus, while 3-CF3BPA may have a higher overall percent 
coverage value it actually has a lower absolute coverage due to its larger molecular 
footprint.  This helps better explain why 2-CF3BPA and 3-CF3BPA had similar % purity 
values from 3.7.2 as both these molecules have very similar absolute coverage values.  
The graph in Figure 3.14 illustrates the absolute coverage differences for these 
monosubstituted molecules.  The trends between the two types of substituents are 
strikingly similar with the trifluoromethyl substitution always affording a lower coverage 




Figure 3.14 Graph comparing the absolute coverage values for monosubstitued fluoro and 
trifluoromethyl benzyl phosphonic acids as a function of substitution position.    
 
 Again, it is evident that substitution in the more sterically hindered 2 and 6 
positions leads to a dramatic decrease in the ability of the molecule to form a well-packed 
monolayer.  This is consistent with what was observed in terms of monolayer purity and 
better explains why those values were so low compared with the other modifiers.  It 
appears that these two modifiers in particular are leaving a large amount of the ITO 
unmodified and thus allowing for the deposition of a far greater amount of adventitious 
contaminants on the surface.   Comparing the other multiply fluorinated molecules with 
one another shows that substitution in the 3, 4, or 5 positions affords little impact on the 
overall coverage.  PFBPA has substitution in all 5 positions of the benzene ring, but has a 
coverage value that is most similar to that of the benzene rings substituted in the 3, 4, and 
5 positions rather than those substituted in the 2 and/or 6 positions.  Thus, steric bulk and 
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molecular footprint are interrelated in determining the coverage of a phosphonic acid on 
ITO.      
3.8 Work-Function Modification of ITO with Fluorinated Benzyl Phosphonic Acids 
3.8.1 Experimental UPS Results 
 UPS was used to measure the work function changes of ITO that were induced as 
a result of the phosphonic acid surface modification.  As discussed in 1.4.3 the secondary 
electron edge (SEE) was used to determine the changes in absolute WF.  In addition to 
the WF, changes in the valence band maximum (VBM) relative to the Fermi level were 
also evaluated in an effort to better separate the origin of the work function change.  For 
instance, a change in the SEE with a constant VBM indicates that there are changes only 
to the vacuum level and thus the origin of the WF change is an interface dipole formed by 
the presence of the surface modifier.  If, however, there is both a change in the SEE as 
well as the VBM then there are contributions both from the interface dipole as in the 
previous case, as well as from geometry rearrangement at the surface and/or bond dipole, 
which are observable through shifts in the VBM.  The UPS data are summarized in the 
following figures.  Figure 3.15 displays the SEE for work function measurements along 
with the numerical values of WF and Figure 3.16 shows the VBM along with the 
accompanying values.  Numerical values originate from the average of at least 5 spots 
measured on each substrate and the error originates from the standard deviation of these 
multiple spots.  The plotted data originate from the spot on each sample that best 
represents the average numerical value calculated for the WF. Examination of the 
literature WF values for fluorinated benzyl phosphonic acids provided in Table 3.2 with 





Figure 3.15 Comparison of experimental UPS data for the modified and control surfaces.  
Shown at left are the SEE spectra with the corresponding WF value shown in the table to 
the right.  Values are obtained from an average of at least 5 spots on each substrate and 
standard deviation is the variation in WF from spot to spot.  Graphs have been 
normalized and offset for clarity.  Note that the graphs and table are ordered in increasing 
WF value, bottom to top and the dashed lines represent the extreme values to highlight 




Figure 3.16 Comparison of experimental VBM data for the modified and control 
surfaces.  Shown at the left are the UPS spectra highlighting the VBM region and the 
corresponding numerical values are provided in the table to the right.  Values are 
obtained from an average of at least 5 spots on each substrate and standard deviation is 
the variation in WF from spot to spot.  Graphs have been normalized, offset and match 
the ordering of Figure 3.15 for clarity.  The dashed lines represent the extreme values of 
3,5-F2BPA and ethanol soaked ITO to highlight differences in VBM. 
 
 In order to compare the changes in WF and VBM across the samples, a single 
reference point needs to be chosen, which in the case of phosphonic acid modification 
means a bare surface.  There are three options that could be used (DSC, ethanol soaked, 
and plasma ITO) and it was determined that DSC ITO would serve as the best reference 
point.  The main reason for this selection of reference surface is that DSC ITO matches 
the bare surface used in previous work examining benzyl phosphonic acids on ITO.
38
  
Furthermore, ethanol soaked ITO has more adventitious carbon compared to surfaces that 
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were soaked with a phosphonic acid modifier and plasma cleaned ITO can have more 
variations in WF from sample to sample due to the highly active nature of the surface 
after treatment.  Thus, with a reference point chosen it is possible to examine how each 
modifier impacted the WF and VBM of ITO and then use that information to attribute the 
portion of the WF change that originates from the formation of an interface dipole due to 
the presence of the phosphonic acid modifier.  Figure 3.17 summarizes all of this 
information in the form of energy-level diagrams.  In this case, the Fermi levels are 
aligned and the WF changes are shown by changes in vacuum level. 
 All the modifiers examined, with the exception of 2,6-F2BPA, had the impact of 
increasing the WF relative to DSC ITO.  Plasma cleaning the ITO surface has the impact 
of both hydroxylating the surface as well as removing adventitious carbon, and thus 
produces a high WF value.  When the sample is soaked in ethanol without any modifier, 
the surface returns to a state where it is covered with adventitious carbon, which produces 
a WF lower than what is measured directly after plasma treatment and more similar to 
that of DSC ITO.  This decrease in WF from the deposition of carbonaceous adsorbates 
on the surface originates from what is known as the pillow effect, where the adsorbates 
reduce the tailing of the wavefunction out of the substrate.
72
  The position of fluorination 
also has a clear impact on the interface dipole that is formed and is the main origin of the 
WF changes observed.  Changes in the VBM are small by comparison and fall within a 
range of approximately -0.10 to 0.20 eV for the various phosphonic acids.  
184 
 

















































































































































































































































































































































































































































































































3.8.2 Relating Work Function, Interface Dipole, and Coverage 
 The experimental data shown in the previous section demonstrates the ability of 
phosphonic acids to alter the WF of ITO over a wide range of values.  In order to put the 
UPS data in better context with the coverage values obtained from XPS analysis in 3.7.3 
a 3-dimensional plot was generated to simultaneously examine the impact that the 
coverage and contribution from the interface dipole have on the final WF value.  This 
plot is shown in Figure 3.18 and shows a general trend that as the WF of ITO increases, 
there are more molecules present on the surface, and the measured interface dipole 
becomes larger.  This tends to suggest that molecular ordering (as measured by coverage) 
and interface dipole influence one another, meaning that the formation of a well-packed 
monolayer leads to the formation of a larger magnitude interface dipole on the surface 
and thus a larger WF change.  In the case of benzyl phosphonic acids this typically means 
substitutions occur at the para position, which minimizes steric bulk and allows for better 
overall packing.  At lower coverage values (and thus more carbonaceous carbon on the 
surface as there are larger gaps between phosphonic acid molecules) there is an increase 
in the VBM, which is consistent with what is seen for the ethanol soaked ITO sample.  At 
higher coverage values, the VBM decreases and the position of the substitution appears to 
have little impact on VBM shifts as the values are all similar to one another regardless of 




Figure 3.18 3-dimensional plot comparing WF values from UPS (x), with absolute 
coverage (y), and the contribution of the interface dipole to the WF change (z).  Data 
points are labelled according to colors and are consistent with the color convention for 
the UPS data shown in 3.8.1. 
 
 
Figure 3.19 3-dimensional plot comparing WF values from UPS (x), with absolute 
coverage (y), and the shift in VBM relative to DSC ITO (z). Data points are labelled 




3.8.3 Theoretically Calculated Work Function Changes  
 DFT calculations were conducted by Alexander Hyla in Dr. Jean-Luc Brédas’ 
group using the same ITO model used for the calculation of coverage discussed in 3.7.3 
and for the previous NEXAFS
49-50
 and phosphonic acid surface modification joint 
theoretical and experimental work.
38
  This smooth, hydroxylated surface of ITO was 




, which equates to 
one phosphonic acid per unit cell.  This lower coverage value allows for the phosphonic 
acid to adopt a surface geometry in the absence of intermolecular interactions with other 
nearby phosphonic acid molecules.  In addition, for PFBPA and BPA a higher coverage 




 (this equates to 4 phosphonic acid molecules per unit 
cell) was also examined to better analyze how intermolecular interactions between 
modifying molecules impact WF and orientation.  The model of ITO used with bound 
phosphonic acid molecules (in this case BPA) in the four binding sites is shown in Figure 
3.20 (for the low coverage case site 1 was consistently used for all modifiers).  
 
 
Figure 3.20 ITO unit cell utilized in DFT calculations showing side (left) and top-down 
(right) views of BPA bound to the surface of the ITO.  Shown are the four binding sites 




 The modelling that was performed allowed for theoretical work function changes 
to ITO and dipole moments for surface-bound, geometry optimized phosphonic acids to 
be calculated.   The calculations performed provide a much more realistic picture of what 
the final molecular dipole of each molecule should be (as projected relative to the surface 
normal) than the more simplistic calculations that were performed on the tolyl analogues.  
The calculated WF values after phosphonic acid modification as well as the molecular 
dipole are provided in Table 3.6, with the experimental values from the previous sections 
shown for ease of reference. 
Table 3.6 DFT level calculations of work function (both calculated WF and WF change 
relative to that calculated for a bare ITO unit cell) and intrinsic molecular dipole moment 
of each virtually isolated phosphonic acid in its surface optimized geometry are shown 





were used for the calculations.  Shown for reference are the 
experimentally determined WF values and changes relative to DSC ITO from Figure 
3.15.  Recall negative dipoles have electron density away from the surface and positive 






















Bare ITO 3.15 - - - - 
DSC ITO - - 4.61 - - 
BPA 3.17 0.02 4.71 0.10 0.58 
PFBPA 3.43 0.28 5.22 0.60 -1.49 
2-FBPA 3.15 0.00 4.81 0.20 1.09 
3-FBPA 3.21 0.06 4.80 0.18 0.26 
4-FBPA 3.33 0.18 5.12 0.50 -0.76 
2-CF3BPA 3.08 -0.07 4.81 0.20 1.66 
3-CF3BPA 3.28 0.13 5.14 0.53 -0.18 
4-CF3BPA 3.48 0.33 5.39 0.78 -2.17 
2,3-F2BPA 3.21 0.06 4.92 0.31 0.52 
3,4-F2BPA 3.35 0.20 5.10 0.48 -0.95 
3,5-F2BPA 3.35 0.20 5.08 0.47 -1.13 
3,4,5-F3BPA 3.48 0.33 5.27 0.66 -2.22 
2,6-F2BPA 3.12 -0.03 4.54 -0.08 1.18 




 Before beginning the comparison of experimental work function changes with 
those calculated by theory, it is important to point out the difference in values for bare 
ITO.  From DFT calculations, the bare ITO was found to have a WF of 3.15 eV, which is 
smaller than the value ~ 4.6 eV typically found experimentally for DSC ITO (depending 
on how the ITO is prepared there is a range of starting values possible, typically 4 – 5 
eV).
73
  This discrepancy in absolute value likely originates from limitations in the model 
of the ITO surface, but does not impact the comparison of the two, however, since when 
both the experimental and theoretical data are plotted as a function of calculated dipole 
moment for the phosphonic acid, as shown in Figure 3.21, both sets of data show 
extremely similar trends.  Interestingly, the theoretical modelling best fits the phosphonic 
acids with some of the lowest coverage values of the 14 molecules, which are 2,6-F2BPA 
and 2,6-CF3BPA.  The molecules with the highest absolute coverage values see the 
greatest deviation from the theoretical results, such as in the cases of 3,4,5-F3BPA and 4-
CF3BPA. This corresponds with recent work showing that the WF calculated greatly 
depends on the coverage density and binding geometry parameters used.
67




Figure 3.21 Comparison of change in WF values relative to DSC ITO for UPS and bare 
ITO for DFT, as determined by DFT calculations and by UPS experimental data as a 
function of calculated dipole moment for each phosphonic acid.  The overall trends 
between experiment and theory are quite good.  Error bar for UPS data originates from 
standard deviation over multiple spots analyzed and highlighted data points correspond to 
those discussed in the text above.  
 
3.9 Examination of Molecular Ordering of Fluorinated Benzyl Phosphonic Acids 
3.9.1 NEXAFS Data Analysis Overview  
  In an effort to provide an analysis of the molecular ordering of these benzyl 
phosphonic acids on the surface of ITO, NEXAFS data were collected at the Stanford 
Synchrotron Radiation Lightsource (SSRL).  Data were collected in collaboration with 
Kristina Knesting and Matthew Gliboff from David Ginger’s group at the University of 
Washington along with Lingzi Sang from Jeanne Pemberton’s group at the University of 
Arizona.  Matthew Gliboff conducted all NEXAFS data processing and determined tilt 
angles from the experimental measurements.   
191 
 
 As discussed in 1.4.6, NEXAFS relies on the excitation of core electrons (in the 
case of the measurements for benzyl phosphonic acids carbon K-shell electrons) to 
unoccupied molecular orbitals.  The incidence angle of the polarized X-ray source was 
varied between 20° and 90° relative to the surface and changes in the amplitude of these 
transitions were observed, which were then used to determine the orientation of various 
transition dipole moments.  For these molecules in particular, the transition from C 1s to 
the C=C π* was observed and this transition occurs at approximately 285 eV.  In the case 
of this excitation, the transition dipole moment is perpendicular to the bond axis and thus 
normal to the benzene ring.
74
  This means that the tilt angle (α) is therefore defined as the 
angle that forms between the transition dipole moment and the surface normal.  This 
angle is graphically shown in Figure 3.22.  It should be noted that PFBPA has much 
smaller C=C π* features and thus the transition from C 1s to C-F σ* is used instead 
(occurring at approximately 288 eV).  Representative experimental NEXAFS data are 









Figure 3.22 Generic phosphonic acids on the surface of ITO.  Phenyl, alkyl, and benzyl 
phosphonic acids are shown to illustrate the differences in how the angle α is measured.  
Incident X-rays strike the surface at an angle θ.  The angle α is formed between the 
transition dipole moment and the surface normal.  In the case of the alkyl phosphonic 
acid, the transition dipole moment is along the axis of the chain, but in the case of phenyl 
and benzyl phosphonic acids this dipole is normal to the benzene ring.  Thus, the angle 
reported is that of the benzene ring with respect to the surface normal.  Note that benzyl 
phosphonic acids have an extra degree of rotational freedom (φ) that is not present in 
phenyl phosphonic acids.  Image courtesy of Matthew Gliboff.     
 
 
Figure 3.23 Carbon edge NEXAFS TEY spectra for BPA and PFBPA.  Phenyl 
phosphonic acid (PPA) is shown for reference since that tilt angle has been previously 
determined.
49
  All spectra were acquired at an incidence angle of 55°.  Note the large 
decrease in the C=C π* feature for PFBPA relative to BPA and PPA, and the prominent 




 In addition to collecting data at multiple angles, both the total electron yield 
(TEY) and Auger electron yield (AEY) spectra are collected.  The peak areas for the 
transition of interest (e.g. C=C π* or C-F σ*), Iv(θ) are then examined as a function of X-
ray angle of incidence.  It is then possible to fit the data according to Equation 3.2, which 
is based on the X-ray incidence angle (θ), the tilt angle of the molecule α, and the degree 
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Equation 3.2 
Similarly, since the case of PFBPA required the use of C-F σ*transitions, Ip, a slightly 
altered version of Equation 3.2 is required since the transition occurs in a different plane 
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Equation 3.3 
As both the AEY and TEY spectra are examined, the discrepancy between the resulting 
calculated angles for α provide a measure of systematic uncertainty in removing the 
background spectrum of a freshly sputter cleaned ITO sample. 
 Complete details regarding the analysis of the data can be found in previously 
published articles
49-50
 and their supporting information.  The experimental section of this 
chapter also provides further details regarding the collection of the data.  
194 
 
3.9.2  Tilt Angles from NEXAFS and DFT Calculations 
 The molecular tilt angles that were obtained from NEXAFS experiments as well 
as the theoretically calculated tilt angles that were obtained from the DFT level 
calculations are summarized in Figure 3.24.  This figure additionally highlights the magic 
angle of 54.7°, which is the angle around which it is not possible to distinguish between a 
surface that is highly ordered having an α of this value and a surface that is composed of 
random molecular orientations.   This loss of dependence on the X-ray angle of incidence 
can be seen in Equation 3.2 and Equation 3.3 as both have the term             , and 
as the value of α approaches 54.7° the term goes to zero and thus the intensity is no 
longer dependent on the X-ray source angle of incidence, θ.
74








Figure 3.24 Results of the angle α for benzyl phosphonic acids on the surface of ITO as 
obtained experimentally from NEXAFS data compared with the results calculated at the 
DFT level of theory.  The magic angle (54.7°) is also highlighted since at values of α 
close to this angle the tilt angle of the molecules is indistinguishable from random 
orientations.  At this tilt angle, the angle of incidence of the source X-ray radiation no 
longer impacts the intensity of the observed transitions.
74
  NEXAFS data courtesy 
Matthew Gliboff and DFT data courtesy Alexander Hyla.    
 





are, in some cases, large deviations between tilt angles determined by NEXAFS and 
those obtained from theory.  As previously shown in Figure 3.22, benzyl phosphonic acid 
orientations are complicated by the additional rotational freedom (φ) of the benzene ring 
about the C1-C4 axis (the twist angle).  In nearly all cases (with the exception of BPA 
and PFBPA), the experimentally determined tilt angle is close to that of the magic angle, 
which means it is impossible to know whether the molecules are adopting an orientation 
that is ordered and is the calculated tilt angle, or if they are randomly ordered with 
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multiple orientations on the surface.  These molecules also show a large deviation 
between the NEXAFS data and the DFT data.  Some of that discrepancy is likely due to 
rotational freedom (φ) that was not present in the studies conducted on phenyl or alkyl 
phosphonic acids.  There are also likely contributions from differences in binding modes 
(this difference was demonstrated to be on the order of 10° for values of α for phenyl 
phosphonic acids when examining bidentate vs. tridentate binding) and intermolecular 
effects, as the experimentally determined packing density for these molecules is an order 
of magnitude larger than the packing density used for theoretical calculations.  Even 
PFBPA, while having a preferred orientation (as it is removed from the magic angle) 
experiences a combination of these factors likely leading to the large difference between 
the calculated tilt angle and NEXAFS data. 
 As was previously mentioned, both BPA and PFBPA were examined at high and 
low coverage values as well as at different sites on the surface of the ITO.  The tilt angles 
for this data are summarized in Figure 3.25.  It should be noted as was discussed in prior 
work conducted with phosphonic acids at these binding sites
67
 that each site corresponds 
to different binding modes.  At site 1 the phosphonic acid binds in a bidentate fashion to 
two indium atoms, site 2 contains tridentate binding through a combination of O-In and 
O-Sn bonds, and both sites 3 and 4 have bidentate binding with phosphoryl hydrogen 
bonding to the surface hydroxyl groups.
67
  Coupling this information with what is shown 
in Figure 3.25, it appears that tilt angles for BPA are not greatly impacted by coverage, 
but do see differences based on binding modes.  Alternatively, PFBPA tends to see larger 
differences between low and high coverages in addition to differences based on binding 
modes.  Thus, based on theoretical results it appears that BPA would tend to adopt 
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bidentate binding to the surface (resembling site 3 at high coverage values) and PFBPA a 
mixture between bidentate and tridenate binding (resembling sites 2 and 4).  These 
different binding modes, coupled with differences in intermolecular interactions between 
aryl-aryl and pentafluoroaryl-pentafluoroaryl groups may explain the differences in tilt 
angles for these two cases.     
 
 
Figure 3.25 Summary of tilt angles obtained from theory for BPA and PFBPA at different 
sites on the unit cell of ITO and at different coverage concentrations.  Data points in 




while those in red correspond 




.  Binding sites correlate with those shown in Figure 3.20.  
Data courtesy of Alexander Hyla. 
 
3.10 Conclusions 
 The overall goal of this chapter was to examine how altering fluorinated 
substituents of benzyl phosphonic acids on the surface of ITO impacts the work function, 
coverage, purity of the monolayer, and molecular ordering on the surface.  The chapter 
has shown that the work function of ITO can be drastically varied based on judicious 
selection of the position of fluorination on the benzene ring.  It was also shown that the 
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work function of ITO is not readily decreased by any of the phosphonic acids discussed 
within this chapter, and that steric hindrance likely plays a key role in determining the 
overall ability of a phosphonic acid to form a complete monolayer.  In general, however, 
using the modification conditions described in 3.11.2, the vast majority of benzyl 
phosphonic acids form a very dense monolayer on the surface of ITO.  While it is not a 
complete monolayer, XPS indicated that the monolayer was 80 – 90 % of an ideal 
monolayer.  The coverage also apparently has an impact on the valence band maximum 
shift that is observed such that leaving more space open for the deposition of adventitious 
carbon allows for an increase in the VBM (relative to the Fermi level), which 
consequently negates some of the work function shift that would be caused by interface 
dipoles formed by the presence of the phosphonic acid. 
 DFT calculations corroborated the impact of these modifiers on the surface of 
ITO as the trends for WF modification of the surface fit well with one another.  The 
calculation of interface dipole moments also demonstrated that molecules with high 
coverage values also generally had the formation of strong interface dipoles causing the 
measured changes in WF.  From the tilt angle analysis conducted from theory it would 
appear that fluorinated benzyl phosphonic acids adopt surface conformations that are 
relatively similar to one another.  The experimental results did indicate that most of the 
measured tilt angles were within a range of approximately 10° from one another, 
however, due to the nature of NEXAFS, and the angles being so close to the magic angle, 
it is not possible to determine whether there is ordering on the surface or whether the 
surface is completely disordered.  Complete lack of substitution (BPA) or total 
fluorination (PFBPA) appear to allow for the formation of favorable intermolecular 
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interactions that promote the formation of molecular ordering and binding modes appear 
to be mainly bidentate for BPA and a mixture of bidentate and tridentate for PFBPA 
based on DFT calculations. 
 Figure 3.26 summarizes the main experimental findings of this chapter in a 3-
dimensional plot comparing work function, absolute coverage, and tilt angle as 
determined by NEXAFS.  The data presented above demonstrates that the position of 
substitution of a fluorinated benzyl phosphonic acid has an impact on the ability of the 
modifier to alter the WF of ITO and that the substitution plays a key role in the ability of 
the phosphonic acid to form a well-packed monolayer (particularly when sterically bulky 
substituents are present on the molecule).  The substitution, however, appears to have 
little impact on the ordering of these phosphonic acids on ITO.  Nearly all the molecules 
formed monolayers that could not be resolved by NEXAFS analysis, and are likely 
disordered on the surface.  Thus, benzyl phosphonic acids have proven to be far more 





Figure 3.26 3-dimensional plot showing the relationship of experimentally determined 
values for changes in the WF of ITO (x) based on the substitution of the benzene ring, 
and how this relates to the absolute coverage (y) and orientation (z) of the modifier on the 
surface of ITO.  Blue drops lines were added to better aid in observing coverage values 




 All phosphonic acids shown in Figure 3.4 were synthesized as detailed in Chapter 
2 of this document with the exceptions of 3,5-F2BPA (synthesized by Peter Hotchkiss) 
and 3,4,5-F3BPA (synthesized by Guanhua Feng).   
3.11.2 ITO Surface Cleaning and Modification 
  Commercially available ITO substrates (Eagle-XG, Thin Film Devices, Anaheim, 
CA) were purchased and found to have a surface roughness of 0.7-0.8 nm rms as 
measured with AFM and shown in Figure 3.7.  This low roughness ITO is conducive to 
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conducting NEXAFS measurements.  The ITO was cut into 7.5 mm × 15 mm substrates 
and sonicated in acetone for 10 min.  The substrates were then scrubbed and subsequently 
sonicated for 10 min with a 5 % solution of Micro-90 detergent in DI water, sonicated in 
DI water for 10 min, sonicated in ethanol for 10 min, rinsed with ethanol, and dried under 
a flow of nitrogen.  The surfaces were then cleaned with oxygen plasma using either a 
Plasma-Preen II (100 % Power, Plasmatic Systems, Inc., North Brunswick, NJ) or a 
Harrick Plasma PDC-32G (100 mL/minute flow of O2, 18 W power at 100 MHz, 
Pleasantville, NY) plasma cleaner for 5 min.  Immediately upon removal from the plasma 
cleaner the substrates were immersed into a 10 mM solution of the phosphonic acid in 
ethanol.  The surfaces remained immersed in the solution for 48 h at room temperature.  
Upon removal from solution the surfaces were washed with ethanol, dried under a flow 
of nitrogen, and annealed under rough vacuum for 2 h at 140 °C.  Experimental 
measurements were all conducted using substrates that had been freshly modified in this 
manner. 
3.11.3 Surface Characterization 
3.11.3.1 XPS and UPS 
 All measurements were conducted in a combined XPS-UPS Kratos Axis Ultra 
with an average base pressure of 10
-9
 Torr.  UPS was acquired prior to acquisition of XPS 
for all samples.  UPS spectra were obtained with a 21.2 eV He (I) excitation and a pass 
energy of 5 eV using a 27 µm spot size.  Each sample was examined in at least 5 spots to 
ensure consistency over the entire surface and the spectrometer was calibrated using a 
sputter cleaned silver sample.  XPS data were collected with a monochromatic Al Kα 
source (300 W) using a 400 µm spot size and a pass energy of 160 eV for survey 
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acquisition and 20 eV for high resolution spectra.  Exposure of the surfaces to X-rays was 
kept to a minimum (ca. 45 min), and spectra were acquired in three spots on each surface.  
Damage analysis indicated the surface bound phosphonic acids were stable over the 
timescale of a typical experiment by exposing samples to X-rays for at least 1.5 times the 
typical acquisition time.  All characterizations were performed at normal takeoff angle 
(0°) and data analyzed using Vision Processing version 2.2.8. 
3.11.3.2 NEXAFS 
 The NEXAFS data were acquired at Stanford Synchrotron Radiation Lightsource 
(SSRL), at the bending magnet Beam Line 8-2 as has been previously described.
49-50
 The 
slit-to-slit SGM monochromator has an optimal resolution of better than 100 meV in the 
carbon region, but was operated at a lower resolution of about 200 meV for most 
measurements in order to maximize throughput while still resolving the features needed 
for the angular dependence analysis. The toroidal refocusing optics provided a near 
circular beam cross-section of about 1mm in diameter. The incoming photon flux was 
recorded from a gold covered wire mesh (gold grid) intercepting a few percent of the 
beam, via the drain current by a Keithley picoammeter. In order to ensure a proper 
normalization without artificial structures from contaminants, a fresh layer of gold was 
evaporated onto the grid before the start of each run. Second order contributions from the 
beam line monochromator were supressed by a Ti filter, inserted upstream of the gold 
grid, which strongly absorbs photons above the Ti L-edge at ~ 460 eV. The absolute 
beam energy was calibrated by measuring the highly oriented pyrolytic graphite (HOPG), 
assigning the energy of the π* feature to 285.38 eV. To compensate for small 
monochromator drifts over the course of the day, the lower energy dip in the gold-grid 
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absorption spectrum (corresponding to the residual carbon on the optics in the beamline 
and assumed to be constant) was used to align all spectra to the same absolute calibration 
during individual runs. The degree of linear polarization is assumed to be 0.85,
76
 based 
on recent measurements on this beamline, though one paper has reported polarization as 
high as 0.99.
77
 Underestimation of the polarization would systematically shift the final 
result away from the magic angle, 54.7°, by up to 2°. All NEXAFS measurements were 
conducted at base pressures below 1 × 10
-8
 Torr. NEXAFS spectra are recorded in two 
modes simultaneously; total electron yield (TEY), measured as the sample drain current 
by a Keithley picoammeter, and the Auger electron yield (AEY), measured by a PHI 15-
255G double pass cylindrical mirror analyser (CMA) operated in pulse counting mode. 
The CMA analyzer was set to a pass energy of 200 eV for highest throughput and 
operated at a fixed kinetic energy of 257 eV, which is part of the broad carbon Auger 
distribution and chosen specifically to shift contribution from non-NEXAFS features 
resulting from photoemission peaks in first and second order to before the onset of the C 
k-edge NEXAFS spectrum (285 eV).  
 The presence of photoemission peaks from the substrate in raw NEXAFS AEY 
spectra demonstrates that the thickness of our monolayer samples is on the same order as 
the escape depth of electrons from substrate excitations or that there are bare patches. 
Anisotropy of the photoemission peaks is indicative of the former. To remove the 
substrate background contribution, a bare ITO sample was sputtered under Ar at a 
pressure of 4 × 10
-5
 Torr, with a current of 20 mA and a driving voltage of 1 kV for 70 
min to remove any carbon contamination. The spectra from this sputter-cleaned substrate 
were scaled to fit the pre-edge features of each of our sample spectra and subtracted. This 
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background subtraction is discussed further in a previous paper.
50
 For the TEY signal, the 
background was taken to be a second order polynomial, removed before normalization by 
the gold-grid signal. The final data processing steps included normalization and 
averaging between samples for noise reduction. For the AEY data, the sample was 
normalized to an arbitrary average height of 1.8 in the background past the edge step 
(320-330 eV). Oscillatory behavior in this range, commonly known as extended x-ray 
absorption fine structure (EXAFS), was not significant. To minimize error from the 
background subtraction process, normalization was also performed to the height of the 
edge step during the peak fitting process for the TEY samples only. After normalization, 
three spectra for each sample type and angle were averaged together in a three-step 
process as follows. First, an average spectrum was computed. Second, the individual 
spectra were scaled and shifted to best match the average. Finally, the modified spectra 
were averaged together to create the corrected spectrum used for peak fitting and angular 
dependence studies. We use this process to mitigate any monochromator drift that may be 
present, which would have resulted in a shift of the spectrum along the energy axis. 
 Further details regarding the analysis of the NEXAFS data can be found in the 
supporting information of Gliboff.
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3.11.3.3 Tapping Mode AFM 
 All AFM images were acquired under atmospheric conditions using a commercial 
Agilent 5600 LS equipped with an AC-AFM controller.  The microscope was housed 
within an acoustic isolation hood.  The AFM piezo scanner was calibrated using a 3D 
reference silicon grating (Veeco, part number 498-000-026) with a 10 µm lateral pitch 
and a step height of 200 nm.  Cantilevers (NSC35/NoAl, Mikromasch, CA) were made 
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from n-type silicon (phosphorous doped), utilizing cantilevers of 130 ± 5 µm in length, 
which have a typical probe radius of 10 nm and a typical spring constant of 4.5 N m
-1
.  
Image acquisition was performed using PicoView 1.10, and image processing performed 
using the open source program Gwyddion version 2.20.   
 Topography images were collected in tapping-mode using a scan speed of 0.5 
lines s
-1
.  After approach of the tip to the substrate, the piezo was retracted until the tip 
was oscillating above the surface and the amplitude set point was then optimized to 
obtain the best image contrast.  Subsequently, the highest possible integral and 
proportional gains were used to obtain the most accurate representation of the sample.  
All 1 µm images were flattened using a first order polynomial background and all 5 µm 
images flattened using a second order polynomial background.  Each sample was 
examined in at least 3 spots to ensure consistency of data over the entire substrate.  
3.11.4 Theoretical Calculations 
3.11.4.1 Substituted Toluene Compounds 
 Structures for the substituted toluene analogues of the substituted benzyl 
phosphonic acids were constructed using Spartan 2010.  All structures were initially 
subjected to geometry optimization using MMFF molecular mechanics.  Final geometries 
and dipole vectors were then calculated using DFT at the B3LYP level of theory using 
the 6-31G** basis set.  Dipole moments obtained in this manner were then projected onto 
the C1-C4 axis for comparison among the 14 compounds.    
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3.11.4.2 DFT Phosphonic Acids on ITO Calculations 
 DFT calculations were conducted as previously described wherein they were 
carried out to optimize the adsorption geometry of PA molecules on the surface of ITO
49-
50
.  The theoretical model of the bare ITO surface consisted of a slab of three (In/Sn-O) 
layers, where the top layer was passivated by hydroxyl groups. First, a low coverage 
density is used in order to assess the geometry adopted by a PA molecule on the surface 
in the absence of strong interactions among PA molecules with one phosphonic acid 
molecule per ITO surface unit cell (24.79 × 14.32 Å
2





. In order to evaluate the effect of intermolecular interactions on the 
variation of the tilt angle in BPA and PFBPA it is then necessary to consider a higher 




, equivalent to four PA molecules in a unit 
cell as shown in Figure 3.20. As previous work, the Vienna Ab Initio Simulation Package 
(VASP) was used at the GGA-PBE level of theory with the projector-augmented wave 
(PAW) method.
49-50, 67
 A plane wave cut-off of 300 eV for all elements and a total energy 
convergence of 10
-6
 eV for the self-consistent iterations were applied in all calculations. 
The geometry optimizations for the PA-ITO interface systems were performed using a 
damped molecular dynamics scheme until the forces were 0.04 eV/Å, while the 
phosphonic acid molecules, the first (In/Sn-O) layer, and all the OH groups on the surface 
are fully relaxed. All the self-consistent calculations were carried out with the improved 
tetrahedron method with Blöchl corrections for Brillouin-zone integrations on a 2 × 2 × 1 
k-point grid. After optimizing PA/ITO interface geometry, the tilt angle for each 
phosphonic acid molecule was obtained simply by using the coordinates of their 





 Molecular footprints of the phosphonic acids were calculated by using the 
Cartesian (x, y, z) coordinates of the atoms after convergence of the geometry 
optimization for the surface bound PA.  The range of values in the x and y directions were 
then obtained for both the benzyl portion of the molecule and the phosphonic acid potion 
of the molecule.  A rectangle was then formed using the range of values in the x and y 
directions, which produced the footprint values used throughout this chapter. 
 Molecular dipole moments were calculated by taking the optimized phosphonic 
acid on the ITO surface, removing it from the surface and adding hydrogens to the P-O 
portion of the phosphonic acid moiety.  A geometry optimization was subsequently 
conducted allowing only the newly added hydrogen atoms to relax (all other atoms were 
frozen in the original optimized geometry) and the dipole moment was the negative of the 
dipole correction determined during the final step of the calculation. 
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SURFACE MODIFICATION OF ATOMIC LAYER DEPOSITED 
ZINC OXIDE WITH DIPOLAR PHOPHONIC ACIDS 
 
 
4.1 Zinc Oxide 
 Chapter 3 focused on the modification of ITO using phosphonic acids due to the 
ubiquity with which ITO is used in optoelectronic devices and the large amount of 
literature focusing on phosphonic acid surface modification that has previously been 
conducted using ITO.  While ITO does have the highest conductivity of commonly used 
transparent conducting oxides (TCOs), the rising cost of indium, due to its high demand 
in a wide variety of applications,
1-2
 has fueled research into alternative TCOs.  Zinc oxide 
(ZnO) is one such material that has been recently studied as an ITO alternative.  There 
are multiple reasons for this interest: ZnO has a wide band gap (3.4 eV),
3-5
 high optical 
transparency,
6
 relatively low cost, and tunable resistivity
2, 7
 by selective doping.
5
  While 
ZnO is commonly thought of as a “future material,” this is actually more so from the 
standpoint as a TCO.
3
 Research into ZnO dates back many decades
8-9
 and it is a very 
common industrial material used in applications ranging from the rubber industry (as a 
vulcanization activator) to paints and ceramics.
10
 
 This chapter focuses on the modification of ZnO, in particular ZnO that has been 
deposited by atomic layer deposition (ALD), a technique that will be discussed in 4.2.  
ZnO is of particular interest due to its intrinsically low WF (typically ~ 4 eV)
6
 since most 
organic optoelectronic devices such as organic light-emitting diodes (OLEDs) and 
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organic photovoltaics (OPVs) require one low WF electrode for electron injection (for 
instance in OLEDs) or electron collection (in the case of OPVs).
11
 Recent technological 
examples using ZnO have included inverted solar cells, light-emitting diodes, and 
transistors.
10, 12-13
  The ability to tune the WF of ZnO is desirable in order to enhance 
device performance by minimizing injection/collection barriers.  While it is possible to 







 more recently phosphonic acids have been examined for surface 
modification of planar ZnO surfaces.
17-21
  The goal of this chapter is to take the 
knowledge acquired from the modification of ITO with phosphonic acids (Chapter 3) and 
perform a similar analysis using dipolar phosphonic acids on the surface of ZnO.  
Surfaces will then be characterized to examine the impact these modifiers have on the 
WF of ZnO, and how that directly compares with the same modifiers on the surface of 
ITO.  In the case of ITO, phosphonic acids that increase the WF were mainly examined 
(Chapter 3), however, with ZnO it is desirable for some potential applications to lower 
the WF of the substrate, and thus molecules with molecular dipoles anticipated to 
decrease the WF were also chosen. 
4.1.1 Defects in Zinc Oxide 
 The control of defects and associated charge carriers is of great importance in 
applications that take advantage of the intrinsic properties of ZnO.  The nominal chemical 
formula for ZnO is deceptively simplistic as the underlying defects that lead to many of 
the electrical properties of ZnO have been studied for nearly 50 years.
22
  The native 





occupy half the tetrahedral sites and all octahedral sites are empty.  The würtzite ZnO 
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lattice is shown in Figure 4.1 and it should be noted that ZnO can accommodate intrinsic 
defects and extrinsic dopants.
22-23
   
 
 




 As previously noted, there is the possibility of both intrinsic and extrinsic defects, 
which can also occur at the surface as a result the termination of the lattice structure.   
There are four main types of intrinsic defects that can occur within ZnO, which are zinc 
vacancies (VZn), zinc interstitials (Zni), oxygen vacancies (VO), and oxygen interstitials 
(Oi).  The main defects that are typically found within ZnO are zinc interstitials and 
oxygen vacancies.
22
  Figure 4.2 schematically illustrates the energy levels for these 
intrinsic defect states that occur within the band gap of ZnO where the donor defects are 
Zni and VO, while the acceptor defects are VZn.  It should be noted that in this notation 
(developed by Kröger
25
 in the early 1970s) X denotes a neutral charge, ʹ and ʹʹ denote one 
and two, respectively, positive charges, while ˙ and ˙˙ denote one or two negative 
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Figure 4.2 Schematic band diagram for energy levels of intrinsic defects present within 
ZnO.  The Zni and VO states are donors and the VZn states are acceptors.  Figure adapted 
from those found in the literature.
22, 25 
 
4.2 Atomic Layer Deposition 
  Atomic layer deposition is a more recent variation on the classical chemical 
vapor deposition (CVD) where one or more gaseous species react on a heated solid 
surface resulting in the deposition of a thin film of material on the substrate to be 
coated.
27-29
  The surface has to be sufficiently hot for reactions to proceed rapidly and, 
thus, achieve acceptable rates of deposition.  Ideally the gases used do not react until they 
impinge on the surface forming a solid film through a heterogeneous reaction 
(homogeneous reactions can form particulates on the surface and become embedded in 
the growing film).
30
  Atomic layer deposition on the other hand, divides the series of 
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reactants into separate steps, thereby mitigating the possibility of precursor gases reacting 
with one another rather than the surface.  A typical cycle involves a substrate being 
exposed to the first reactant gas where a monolayer of material adsorbs to the substrate 
and excess vapor is removed by vacuum or purging with inert gas.  A second reactant is 
then introduced into the chamber, which reacts with the monolayer of the first material 
that had just been adsorbed on the substrate.  This forms a complete ALD cycle leaving 
one layer (though typically less than a complete monolayer)
30
 of the material to be 
deposited on the surface.  After removal of excess reactant gas from the chamber the 
cycle is repeated again and again until the desired thickness of material is achieved.  The 
generalized ALD cycle for ZnO is illustrated in Figure 4.3. 
 
 
Figure 4.3 Schematic representation of a complete ALD cycle for the deposition of ZnO 
starting from diethyl zinc and water with ethane gas as a side product.  A bare substrate is 
introduced into the ALD chamber, a precursor gas (diethyl zinc) is subsequently 
introduced, the chamber is purged.  Water is then introduced reacting with the diethyl 
zinc, the chamber is purged again leaving behind solid zinc oxide.  The cycle is then 
repeated n times until the desired thickness is achieved.  
222 
 
 ALD has several advantages over more traditional CVD methods.  The first of 
which is that lower temperatures can be used when conducting the deposition, which 
enables a wider variety of materials to be used (e.g. organics).  This decreased 
temperature comes from the separation of reactant gases, allowing for the selection of 
more reactive precursor gases to be chosen.
30
  The films are also typically defect free as 
well, since no homogeneous reaction can occur as the gaseous reactants are separated 
from one another.  ALD also affords highly conformal and uniform films since the 
growth of the film depends on the formation of monolayers on the surface, whereas in the 
case of CVD the growth is determined by the arrival rate of the reactant gases.  
Furthermore, it is possible to have highly complex structures covered by ALD as the 
length of time for any portion of the cycle can be varied.
30
  It should be noted, however, 
that the rate of deposition may be slower than that of a more traditional CVD process as 
there are multiple precursor pulse/purge/water pulse/purge steps within any one cycle. 
4.2.1 Atomic Layer Deposition of Zinc Oxide 
     As shown in Figure 4.3, the metal-organic precursor for ZnO is diethylzinc, 
which is used in conjunction with another reactant such as water in order to deposit 
conformal pinhole-free films on surfaces.  The binary reaction for the deposition of ZnO 
can be written as shown in Equation 4.1, which can be separated into two ALD half-
reactions as shown in Equation 3.2 and Equation 4.3.
31
  In this case, [S] denotes the 
substrate, and the * in the equations denotes which portion of the reaction is serving as 
the active site for nucleation and growth of the ZnO. Typically, deposition of ALD by 
ZnO takes place in the range of ~ 100 °C to 250 °C.
30, 32
 
                             Equation 4.1 
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 [ ]                   [ ]                    Equation 4.2 
 [ ]                     [ ]              Equation 4.3 
4.3 Literature Precedent Regarding Phosphonic Acid Modification of ZnO 
 There is not an abundance of literature regarding the use of phosphonic acids for 
modifying the surface of ZnO, but there are some examples where such modifications 
were conducted and the substrates subsequently analyzed.  Table 4.1 provides a summary 
of the various phosphonic acids that have been used to modify the surface of ZnO along 
with the characterization methods used to prove the modification was successful (and 
with the WF values if measured).  As can be seen there have been many different types of 
ZnO modified, with only several reports specifically using ALD ZnO as the substrate.
21, 
33
  Furthermore, there is a surprising lack of analysis regarding the WF of the surface 
after modification with the main results coming from DFT calculations
34
 and UPS results 
conducted by collaborators at the University of Arizona.
33, 35
  Other studies have focused 
on the modification of ZnO to examine competition between phosphonic acids and other 
surface modifiers (e.g. thiols and carboxylic acids),
19-20, 36-37
 or for use in device 
architectures such as OPVs.
38-40
  It should also be noted that several of the studies have 
mentioned the ability of surface modifiers such as phosphonic acids or carboxylic acids 
to etch the surface of ZnO,
21
 forming zinc phosphonate salts.
41
  This problem of surface 







Table 4.1 Summary of phosphonic acids that have been used to modify the surface of 
ZnO either experimentally or through theoretical calculations as noted.  Values for WF 
are noted when available.  Abbreviations for techniques not previously used in this thesis 
are as follows: transmission electron microscopy (TEM), Fourier transform infrared 
spectroscopy (FTIR), diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFT), phosphorus magic angle spinning nuclear magnetic resonance spectroscopy 
(
31
P MAS NMR), dynamic light scattering (DLS), thermogravimetric analysis (TGA), 
quartz crystal microbalance (QCM), scanning electron microscopy (SEM).  
























































































Phosphonic Acid ZnO Substrate Characterization Reference 
thiol, carboxylic 

































































Phosphonic Acid ZnO Substrate Characterization Reference 
UPS 




















(WF = 4.86 eV) 
 
4.4 Selection of Phosphonic Acids for Modification of ALD ZnO 
 Phosphonic acids similar to those used in Chapter 3 were chosen for study on the 
surface of ZnO and ITO.  Figure 4.4 summarizes the structures of the chosen molecules 
and associated abbreviations.  The molecule 2,6-F2BPA was initially chosen as an 
example in which the molecular dipole is opposite that of phosphonic acids designed to 
increase the WF.  In Chapter 3 this was the main compound that led to a slight decrease 
in the WF of ITO.  2,6-CF3BPA was also chosen as a stronger analogue to 2,6-F2BPA 
and to determine if these two molecules previously examined on ITO behave in a similar 
manner on ZnO.  DABPA was chosen as it has π-conjugated donor and π-acceptor 
moieties which should lead to an even larger intrinsic dipole moment with the negative 
end pointed toward the surface.  Other phosphonic acids were chosen based on intrinsic 
dipoles that should either increase or decrease the WF of the substrate.  In all cases (with 
the exception of MeOBPA) there is also the presence of a heteroatom such as F or N 
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which allows for the modification of the surface to be more readily observed in spectral 
data acquired by XPS analysis.  
 
 
Figure 4.4  Phosphonic acids chosen for the modification of ZnO and ITO.  The focus 
was on the use of phosphonic acids containing molecular dipoles that would be 
anticipated to create a decrease in the WF of the surface (2,6-F2BPA, 2,6-CF3BPA, 
ABPA, DABPA, DMABPA, MeOBPA) along with molecules that would also increase 
the WF as a control (NO2BPA and PFBPA). 
 
4.5 Comparison of Phosphonic Acid Modification Conditions for ZnO 
4.5.1 Comparison of Immersion Conditions 
4.5.1.1 XPS Analysis – Comparison of Immersion Protocols 
 From a practical standpoint, an analysis of the literature references shown in 
Table 4.1 for the modification of ZnO indicate that there are numerous methods for 
surface modification that can be used.  Thus, an initial analysis to determine whether or 
not the choice in modification technique has an impact on the ability to form a high 
quality monolayer of phosphonic acids on ZnO needed to be examined.  Five different 
modification techniques were chosen, which are summarized in Table 4.2.  These 
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techniques were drawn from the literature technique used to modify the surface of RF-
magnetron sputter deposited ZnO (method 1),
18
 a technique commonly used for the 
preparation of phosphonic acid monolayers for use in device studies (method 2),
45
 the 
modification technique that is commonly used in the Marder group for the modification 
of metal oxides with phosphonic acids (method 3),
46
 and recent results conducted using 
high temperature modification of ITO with phosphonic acids (methods 4 and 5).
47-48
   
 
Table 4.2  Summary of modification methods used to treat ALD ZnO.  The triethylamine 
(TEA) wash after modification is commonly used to remove any unbound/physisorbed 
phosphonic acid molecules from the surface of the substrate 
Modification Method Summary of Method 
1 
Tethering by aggregation (1 mM, ethanol), bake at 140 °C 
overnight, TEA wash 
2 
2 hour immersion (1 mM, 2:1 chloroform:ethanol), bake at 
120 °C 30 min, no subsequent washing 
3 
Overnight immersion (10 mM, ethanol) bake at 140 °C 
overnight, TEA wash 
4 
Oxygen plasma clean, immersion 5 h at 80 °C (10 mM, 
ethanol), TEA wash 
5 
No oxygen plasma cleaning, immersion 5 h at 80 °C (10 
mM, ethanol) TEA wash 
 
 In order to conduct this comparison of techniques, the fluorinated phosphonic 
acids were chosen for analysis (2,6-F2BPA and 2,6-CF3BPA) so that the F 1s peak could 
be used for analysis of monolayer quality.  A comparison of monolayer quality based on 
the F 1s/C 1s ratios as well as F 1s/Zn 3p is provided in Figure 4.5.  Based on results with 
ITO, it was found that a full monolayer with either of these surface modifiers was not 
formed.  It should therefore not be unexpected that a similar situation would also occur in 
the case of ZnO, and the experimental F/C ratios far removed from the ideal F/C ratio 
corroborate this supposition, and indeed, the monolayer “ uality” on ZnO is low.  It 
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should be noted, however, that etching was observed for methods 4 and 5 using both 
phosphonic acid modifiers.  The ZnO was almost completely removed in both cases and 
the underlying glass substrate exposed based on XPS analysis that revealed a large 
decrease in Zn peaks and the presence of the Na 1s peak (Figure 4.6).  Interestingly, no 
single modification method worked best for both phosphonic acid materials.  In the case 
of 2,6-F2BPA, tethering by aggregation afforded the highest overall quality of 
monolayer, while in the case of 2,6-CF3BPA both modification methods 2 and 3 afforded 
similar results based on the error bar of the analysis.  Analysis of F/Zn ratios to obtain 
relative coverage also indicated that this was similar regardless of the modification 
method chosen.  It should be noted that in contrast to ITO, absolute coverage values are 
not used for comparison as the experimental surface and theoretically modelled surface
34, 
49
 differ from one another in terms of roughness.  While the ITO surface used was 
extremely smooth (as shown in the AFM comparison in Figure 4.7), the surface of ALD 
ZnO was found to be granular in nature with a calculated surface roughness of 2-3 nm 
over a 5 µm × 5 µm area.  This granular nature means that the overall surface area 
accessible to the phosphonic acids is higher than would be expected based on the 
modelled surface.  Thus, a comparison of experimental F/Zn ratios always afforded 
values higher than the theoretical F/Zn ratio (even after appropriate corrections).  Thus, 




Figure 4.5  Comparison of F 1s/C 1s atomic ratios for the modification methods outlined 
in Table 4.2 for 2,6-F2BPA and 2,6-CF3BPA.  Methods 4 and 5 do not have atomic 
ratios given as the method etched away ZnO from the underlying substrate leaving glass 







Figure 4.6  XPS survey spectra for freshly plasma cleaned ZnO and the surface after 2,6-
F2BPA had etched away the majority of ZnO.  Data for this comparison was acquired 
using modification technique 4 and while there are small peaks left for Zn (and loss of Zn 
Auger peaks) the vast majority has been etched away leaving behind a small amount of 
phosphonic acid (evidenced by F 1s peak) and exposing the underlying glass substrate 




Figure 4.7  Comparison of tapping-mode AFM images of ALD ZnO (left) and smooth 
ITO (right).  In both cases 5 µm × 5 µm images are shown at the top and 1 µm × 1 µm 
are shown at the bottom with values for RMS roughness also provided.  Note the 
differences in the height scales between the two substrates, which was necessary so as to 




4.5.1.2 Kelvin Probe Analysis 
4.5.1.2.1 Kelvin Probe - Comparison of Pre- and Post-Modification Conditions 
 As there was not a clear trend among the two phosphonic acids examined in 
4.5.1.1 an examination of whether or not the pre- or post-modification treatments had an 
impact on altering the WF of the substrate needed to be conducted.  WF was measured by 
KP rather than UPS as there was a large sample space that needed to be examined, and 
KP is more suited for such a high-throughput study.  A summary of the change in WF 
relative to the bare ALD ZnO substrate is shown in Figure 4.8.  The results indicate that 
neither plasma pre-treatment nor TEA post-treatment washing has a significant impact on 
the WF change (< 0.1 eV).  It should be noted that over the course of the various 
experiments conducted in order to acquire data for this chapter, DABPA proved to be an 
extremely variable surface modifier in terms of impact on the WF having either a 
significant decrease in WF (as seen in Figure 4.8) or affording only a slight decrease from 
bare ZnO (as seen when discussing the data in 4.6).  Overall, this analysis indicates that 
plasma cleaning of ZnO is not detrimental to the resulting WF change and that the 
substrate can withstand a base rinse using TEA in order to remove any unbound 
phosphonic acid molecules from the surface after treatment.  When conducting this study, 
both 2,6-F2BPA and ABPA etched the surface of ZnO producing a substrate similar to 




Figure 4.8  Comparison of KP data showing WF changes relative to a bare ZnO substrate 
after modification.  In this instance, method 3 from Table 4.2 was used for the 
modification meaning that the substrates were soaked in 10 mM phosphonic acid 
solutions overnight (either with or without a plasma pre-treatment) and then subsequently 
either washed with TEA or not post-modification.  WF values are the average of at least 5 
spots on each substrate.  An HOPG substrate was referenced and measured multiple times 
over the course of data collection to ensure instrumental consistency over the time scale 
of the experiment. 
 
4.5.1.2.2 Kelvin Probe - Comparison of Concentration and Modification Time 
 As both of the previous sets of experiments shown in 4.5.1.1 and 4.5.1.2.1 
revealed instances where the phosphonic acid modifier etched away the ZnO from the 
surface, it was important to examine the role that modification time and concentration of 
phosphonic acid solution play in determining when phosphonic acids will etch ZnO as 
well as how this impacts the overall WF change.  Drawing on the information previously 
gleaned, concentrations of 1 mM and 10 mM phosphonic acid solutions were chosen to 
be examined at intervals of 24 and 48 hours (essentially choosing some of the extreme 
cases, low/high concentration and short/long modification time, from Table 4.2 and the 
protocol used in Chapter 3) to determine what conditions would allow for maximal WF 
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change without substantial etching.  WF was again monitored by KP and the summary of 
the results are provided in Figure 4.9.  The following phosphonic acid modifiers were 
examined, 2,6-F2BPA, MeOBPA, and DABPA.  Based on these results, it appears that 
high concentration and extended modification time lead to etched surfaces in the case of 
2,6-F2BPA, as WF measurements could not be obtained for surfaces treated with 10 mM 
solutions (regardless of immersion time).  There is also likely etching present in the case 
of MeOBPA and DABPA, evidenced by the large variation in the duplicate high-
concentration, long modification time samples.  Also note that the decrease in the WF for 
both DABPA and MeOBPA is less than what was observed in Figure 4.8, and is 
representative of the variability observed for WF lowering modifiers on ZnO.  Etching 
analysis will be discussed further in 4.5.2. 
 
 
Figure 4.9  Comparison of three phosphonic acid modifiers examined under low/high 
concentration (1/10 mM) and short/long modification times (24/48 h).  In the case of the 
10 mM, 48 h modification for 2,6-F2BPA complete etching of ZnO was observed.  
Duplicate samples were analyzed to demonstrate the variability observed in WF changes, 
particularly at higher concentrations/longer modification times.  
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4.5.1.3 IRRAS Analysis of PFBPA and DABPA on ALD ZnO 
 IRRAS analysis was also conducted using DABPA and PFBPA.  These two 
molecules were chosen because PFBPA has been previously examined on the surface of 
ITO by IRRAS
48
 and it was anticipated that the cyano functionality would be easy to 
track on the ZnO modified surface.  Unfortunately, the cyano vibrational modes observed 
in the powder occur at approximately 2200 cm
-1
, which overlaps with carbon dioxide 
and, even after extensive purging, the signal from the modifier was too weak and still 
obscured.  Thus, the phosphonic acid fingerprint region was examined and a comparison 
between the transmission IR of the PFBPA and DABPA powder with the IRRAS of the 
phosphonic acids on ZnO are shown in Figure 4.10.  The transmission IR of PFBPA and 
associated IRRAS spectra are consistent with one another as well as what was observed 
for octadecylphosphonic acid.
18
 Thus, it appears that the molecule binds in a tridentate 
manner (there is no peak corresponding to that assigned to P=O for the powder).  It 
should be pointed out that other binding modes cannot be completely excluded due to the 
broad nature of the feature at ~1015 cm
-1
 as small features from P-O(H) stretches may be 
obscured by the intensity of this peak.   The IRRAS of DABPA, however, indicates that 
this modifier binds in a mixture of bidentate and tridentate modes as there is still a peak 




Figure 4.10  Comparison of transmission IR of PFBPA and DABPA powders (left) with 
the IRRAS data collected for ALD ZnO deposited on a gold surface for enhanced 
reflectivity and modified with either PFBPA or DABPA (right).  Spectral features are 
highlighted and labelled in both cases. 
 
4.5.2 Examination of ZnO Etching by Phosphonic Acids 
4.5.2.1 Tracking ZnO Etching by AFM Analysis 
 Previous analysis of phosphonic acids on RF-Magnetron Deposited ZnO with 
alkyl phosphonic acids did not indicate issues with etching.
18
  In that case, however, 300 
nm of ZnO was used as the substrate, whereas in this study only 30 nm of ALD ZnO was 
used as that would more closely mimic a thickness used within a device.  Thus, it appears 
that, at this thickness, etching, which may not have been readily apparent using 
alkylphosphonic acids and a thicker layer of ZnO, appeared to be a problematic issue 
based on the previous studies discussed in 4.5.1.  Thus, in order to better observe the 
extent of etching that was being caused by each phosphonic acid, four of the surface 
modifiers from Figure 4.4 (PFBPA, DABPA, MeOBPA, and 2,6-F2BPA) along with 
3,4,5-F3BPA and 4-CF3BPA from Chapter 3 were examined.  The additional phosphonic 
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acids from Chapter 3 were chosen as they afforded the largest increase in WF on ITO and 
based on the presumption that the inductive electron withdrawing effects of the 
fluorinated substituents lead to more acidic phosphonic acids (which will be examined in 
4.5.2.2).  The surface of ZnO was then modified for a period of 24 hours using solution 
concentrations of 10 mM.  If surfaces saw significant etching, the experiment was 
repeated using a lower concentration of 1 mM.  The results from the AFM analysis of 
these surfaces are provided in Figure 4.11 and Figure 4.12.  The summary of RMS 
roughness values (averaged over at least 3 spots on each surface and measured at 1 µm × 
1 µm and 5 µm × 5 µm spot sizes) are provided in Table 4.3. 
 The  AFM data indicates that modifiers such as DABPA, 2,6-F2BPA, and 3,4,5-
F3BPA at 10 mM concentrations significantly etch the ZnO, leaving behind surfaces that 
are more reminiscent of the underlying glass than the granular structure of ZnO.  Neither 
DABPA nor 3,4,5-F3BPA etch as severely as 2,6-F2BPA as evidenced by roughness 
values in Table 4.3  The other surface modifiers at 10 mM concentrations do not show 
signs of etching that can be readily detected by AFM and closely match that of the bare 
ZnO surface.  When lower concentrations of 2,6-F2BPA and 3,4,5-F3BPA are used to 
modify the surface of ZnO, the etching problem appears to be mitigated affording ZnO 
surfaces that resemble those of an untreated substrate, which is consistent with what has 
been observed when conducting KP measurements and fits with the measured roughness 
values as well.  This observation of etching may explain some of the large variability that 
was observed for changes in WF by other measurements (such as KP and UPS) as 
depending on the modification conditions used, drastic changes to the underlying ZnO 
may be taking place which either enhance or diminish the ability of the phosphonic acid 
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molecular dipole to tune the WF of the ZnO substrate.  It is also very likely that such 
morphological changes lead to changes in how the phosphonic acid binds to the substrate.  
This, in turn, can lead to changes in the orientation of the molecular dipole at the surface 
of the substrate and again lead to variability in WF changes.  In an effort to correlate 
etching ability with the acidity of the phosphonic acid, pKa measurements were 












































































































































































 Figure 4.12 Comparison of AFM images of spot sizes 1 µm × 1 µm (left) and 5 µm × 5 
µm (right) for bare, plasma cleaned, and 1 mM phosphonic acid modified ALD ZnO.  
When possible, vertical scales were attempted to be maintained constant within a given 














Table 4.3 Comparison of RMS roughness values for ZnO modified with the phosphonic 
acids shown.  Concentrations of 1 mM and/or 10 mM are shown depending on the extent 
of etching observed.  In some cases, the RMS roughness value showed minimal changes, 
while the topography had clearly been altered from that of the bare substrate.  Instances 
where the ZnO experienced severe etching have extremely low roughness values.  

















5 µm × 5 µm 
(nm) 
Bare 2.30 ± 0.03 2.24 ± 0.06 
- 
Plasma Cleaned 2.44 ± 0.13 2.54 ± 0.21 
Phosphonic 
Acid Modifier 
1 mM 10 mM 
PFBPA - - 2.57 ± 0.13 2.61 ± 0.04 
DABPA - - 1.86 ± 0.13 1.94 ± 0.07 
MeOBPA - - 2.47 ± 0.08 2.56 ± 0.13 
2,6-F2BPA 2.68 ± 0.15 2.62 ± 0.06 0.34 ± 0.02 0.43 ± 0.06 
3,4,5-F3BPA 3.00 ±0.10 3.15 ± 0.02 2.63 ±0.19 2.73 ±0.04 
4-CF3BPA - - 2.70 ± 0.14 2.77 ± 0.06 
4.5.2.2 Correlation between ZnO Etching and Acidity of Phosphonic Acids (pKa 
measurements) 
 In an attempt to correlate etching with the acidity of the phosphonic acid being 
used for modification, it was necessary to examine pKa values (in the case of phosphonic 
acids pKa1 and pKa2) for the phosphonic acids examined.  There are some literature 
examples of pKa measurements that have been conducted to measure the pKa values of 
phenyl and benzyl phosphonic acids.  The phenyl substituted phosphonic acid pKa 
measurements are summarized in Table 4.4 for some electron-donating and electron-
withdrawing substituents.   Benzyl phosphonic acid pKa values found in the literature are 
summarized in Table 4.5.  Analysis of the literature indicated that unlike in benzoic acids 
(where substituent and position have a larger impact on acidity),
50
 the pKa values found 
for phenyl and benzyl phosphonic acids substitution by various substituents has little 
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impact on the overall acidity of the molecule when compared within the same solvent.  
Furthermore, the position of the substitution has even less of an impact on the pKa values.   
 
Table 4.4  Summary of substituted phenyl phosphonic acid pKa values found in the 
literature.  Values were determined either in pure water or in a mixture of 50:50 
ethanol:water (unless otherwise noted).  Various references provided
51-53
 have more 


























 1.64 2.84 6.80 7.99 
3-F
54
 1.53 - 7.16 - 
2-Cl
52
 1.63 2.94 6.98 8.21 
3-Cl
51
 1.55 2.83 6.65 7.94 
4-Cl
51
 1.66 2.93 6.75 7.99 
2-Br
52
 1.64 2.91 7.00 8.22 
3-Br
51
 1.54 2.85 6.69 7.96 
4-Br
51
 1.60 2.88 6.83 8.01 
2-I
52
 1.74 3.06 7.06 8.40 
2-CH3O
54
 2.21 - 8.21 - 
3-CH3O
54
 1.74 - 7.42 - 
4-CH3O
54
 2.00 - 7.65 - 
2-NO2
54
 1.28 - 7.05 - 
3-NO2
54
 1.20 - 6.69 - 
4-NO2
54
 1.19 - 6.67 - 
2,3,4,5,6-H
a 55
 - 4.53 ± 0.08 - 9.97 ± 0.06 
3,4,5-F3PPA
a 55
 - 3.76 ± 0.07 - 9.16 ± 0.05 
 
a 
Measurement performed in 75:25 ethanol:H2O under inert atmosphere. Standard 





Table 4.5 Summary of substituted benzyl phosphonic acid pKa values found in the 




pKa1 (ArCH2PO3H2) pKa2 (ArCH2PO3H
-
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 To confirm that such minimal impact was also the case for the various phosphonic 
acids used to modify the surface of ZnO, pKa measurements were conducted as 
previously reported,
55
 using a solvent system of 75:25 ethanol:H2O as that ratio best 
matched the pure ethanol used during the modification of ZnO.  All measurements were 
conducted under nitrogen, and a summary of the pKa values are provided in Table 4.6.  
As anticipated, there were not drastic changes in pKa among the various phosphonic acid 
modifiers examined.  There is also not a clear correlation between the acidity of the 
modifier and its ability to etch the ZnO substrate.  For instance, the most acidic molecule 
examined (3,4,5-F3BPA, pKa1 = 4.17) significantly etched ZnO while PFBPA with a 
similar acidity (pKa1 = 4.37) did not show a tendency to etch ZnO.  Further still, the 
slightly less acidic 2,6-F2BPA (pKa1 = 4.44)  severely etched the ZnO surface under a 
variety of modification conditions.  Thus, it is likely that another factor in addition to 
acidity plays a role in determining whether a phosphonic acid will etch ZnO, such as the 
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solubility of zinc-phosphonate complexes in ethanol.  This may explain why there is not a 
direct correlation between etching and acidity. 
 
Table 4.6  Summary of pKa values experimentally determined for phosphonic acids used 
to modify the surface of ALD ZnO.  All measurements were conducted in a solvent 
system of 75:25 ethanol:H2O under inert atmosphere.  All measurements were conducted 
at 20 °C using a standardized solution of NaOH at least 3 times with the average and 
standard deviation reported for both pKa1 and pKa2.  
Phosphonic Acid Modifier pKa1 pKa2 
PFBPA 4.37 ± 0.20 10.69 ± 0.19 
4-CF3BPA 4.56 ± 0.11 10.55 ± 0.05 
3,4,5-F3BPA 4.17 ± 0.09 10.15 ± 0.09 
2,6-F2BPA 4.44 ± 0.05 10.66 ± 0.08 
 
 
4.6 Comparison of Work Function Changes from Phosphonic Acid Modification on 
ZnO and ITO (Kelvin Probe and UPS) 
 Due to the reproducibility issues observed for obtaining WF values, and etching 
issues encountered with ZnO, a direct comparison between ALD ZnO and a metal oxide 
for which phosphonic acid modification is known to be highly reliable/reproducible was 
needed.  To this end, a set of phosphonic acid molecules was chosen including PFBPA, 
MeOBPA, and DABPA (2,6-F2BPA was not used for this comparison due to its severe 
etching of ZnO, which was known to not occur for ITO, likely making a comparison 
impossible).  This comparison also afforded the opportunity to examine how UPS data 
compared to KP data for samples of both ZnO and ITO.  A summary of the 
experimentally determined WF values obtained by UPS can be found in Figure 4.13.  
Figure 4.13 also shows the same set of surfaces that were also measured by KP analysis 
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prior to UPS measurements and WF values were obtained by referencing to a freshly 
cleaved HOPG surface with a WF of 4.5 eV. 
 As can be seen from the UPS data, both the surface modification of ZnO and ITO 
tracked well with one another with ZnO WF values consistently lower than that of ITO 
due to its lower starting WF value.  Interestingly, however, neither of the molecules 
anticipated to decrease the WF of the substrate did so in the case of ZnO or ITO with 
both seeing an increase in WF of ~ 0.2 eV from the starting WF value.  An examination 
of the WF values obtained by KP analysis also shows that the same trend tracks for both 
ZnO and ITO.  The absolute values of WF in the case of the bare and plasma cleaned 
substrates are quite different between KP analysis and UPS, however, likely owing to the 
fact that KP can be completed more readily upon cleaning than UPS.  Thus, the WF is 
higher as less time has passed and fewer contaminants have been able to be deposited on 
the surface of the substrate, which tends to lower the WF.  The values for the modified 
substrates, however, are quite similar between the two techniques typically within ~0.2 
eV of one another, which is what has been observed in the literature when comparing the 
techniques.
60-61
  Thus, it appears from this comparison that the modifiers such as 
MeOBPA and DABPA do not have a tendency to decrease the WF of the metal oxide 
substrate (relative to the bare ZnO surface) and inconsistencies in the data observed with 




Figure 4.13  Comparison of WF values for phosphonic acid modified ITO and ZnO.  All 
surfaces were modified using 10 mM solutions of phosphonic acid overnight, followed 
by a bake at 140 °C and a rinse with a solution of 5 % TEA in ethanol.  Etching was not 
observed for these surfaces of ZnO.  UPS data (left) is the average over 7 spots on each 
surface and KP data (right) originates from the average of 5 spots on each surface.  The 
same surfaces were used during the measurements, first measuring with KP then by UPS.    
 
4.7 Spin Coating of Phosphonic Acid Surface Modifiers on ZnO 
 Due to the ability to etch ZnO, an alternative method for the deposition of 
phosphonic acids on this metal oxide needed to be investigated.  To that end, recent work 
with collaborators from the National Renewable Energy Laboratory (NREL) has 
indicated success with spin coating phosphonic acids (4-CF3BPA and 2,6-F2BPA) onto 
the surface of ZnO (in this case sol-gel deposited ZnO substrates).
62
  To determine the 
viability of this method for producing more reliable WF modifications of ZnO, PFBPA, 
MeOBPA, DABPA, and 2,6-F2BPA were spin coated onto the surface of ALD ZnO and 
XPS/UPS measurements obtained.  Note that, in an effort to reproduce results from 
NREL, UV-Ozone cleaning of ZnO was performed in lieu of oxygen plasma cleaning.  
Relatively similar starting WF values, however, are obtained for both plasma and UV-
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ozone cleaned ZnO.  In order to attain these layers of phosphonic acid, a 10 mM 
ethanolic solution of the phosphonic acid is spin-coated at 2000 rpm for 1 min onto a 
freshly cleaned ZnO surface and subsequently annealed at 120 °C for 2 minutes.  No 
subsequent washing was performed.  A comparison of the WF values obtained using this 
technique is provided in Table 4.7.  As can be seen, no drastic decreases in WF were 
observed for spin-coated phosphonic acids on ZnO and the only decrease from 2,6-
F2BPA was on the order of what is typically observed for ITO surface modification (in 
terms of ΔWF).  The benefit of this method, however, is that it mitigates etching of the 
underlying ZnO substrate.  However, as there is no subsequent washing step after the 
spin-coating and annealing there is far more than a monolayer of material deposited on 
the surface as evidenced by AFM (Figure 4.14).  As can be seen in the AFM comparison 
before and after spin-coating, a thick film (~4 nm based on AFM) is deposited onto the 
surface.  This was corroborated by XPS analysis noting the attenuation of Auger signals 
originating from the underlying Zn substrate (Figure 4.15).  Subsequent washing of the 
surface with a solution of TEA in an attempt to remove the majority of the physisorbed 
layers produced highly irregular WF values deviating greatly from spot to spot (values 
ranging from 3.3 to 3.9 eV).  Also, there was still a film of approximately 1 nm thickness 
(based on AFM imaging) of the 2,6-F2BPA on the surface of ITO and it was not as 






Table 4.7 Comparison of UPS data for spin-coated phosphonic acid layers on ZnO.  
Values are the average of 7 spots on each surface.  Plasma cleaned ZnO is shown for 
reference. 
Surface Work Function (eV) 
Δ Work Function (eV) 
from Bare ZnO 
Bare ZnO 3.91 ± 0.02 - 
Plasma ZnO 4.67 ± 0.06 +0.76 
UV-Ozone ZnO 4.30 ± 0.03 +0.39 
PFBPA 4.46 ± 0.12 +0.55 
MeOBPA 4.03 ± 0.05 +0.12 
DABPA 4.40 ± 0.02 +0.49 






Figure 4.14  AFM comparison of ZnO before (top) and after (center) spin-coating a 10 
mM solution of 2,6-F2BPA on the surface.  Subsequent washing with an ethanolic 
solution of TEA does seem to remove the multilayers (bottom), but affords irregular WF 
values.  Scan sizes of 1 µm × 1 µm (left) and 5 µm × 5 µm (right) were obtained and the 




Figure 4.15 XPS survey comparison of ZnO before and after spin-coating 2,6-F2BPA as 
well as after washing with a solution of TEA.  Note the near loss of Zn Auger peaks after 
the spin coating stop and the presence of the large P2s peak, which then decreases after 
the TEA wash, but is still far more apparent than in a typical monolayer of phosphonic 
acid. 
 
 Overall, spin-coating of phosphonic acids on the surfaces of substrates appears to 
be promising, but a closer examination of deposition techniques is required and a direct 
comparison with ITO is also needed to prove the viability of the technique.  Furthermore, 
careful studies would have to be conducted in order to determine the efficacy of such a 
thick layer of essentially insulating material in devices.  This is by far the most 
straightforward way that has thus far been reported of depositing phosphonic acids on the 
surface of a metal oxide, but it also has the potential to have issues with reproducibility 
given the nature of spin-coating.  Other methods discussed in the literature and in this 
thesis rely solely on the chemisorption of the phosphonic acid on the surface of the metal 
oxide, while this method relies greatly on the physisorption of such material with a small 
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amount possibly chemisorbed at the surface.  A more thorough exploration of washing 
protocols may yield a good set of conditions to produce reliable WF modifications with 
this method while minimizing the amount of material adsorbed onto the surface. 
4.8 Conclusions 
 Surface modification of ALD ZnO with phosphonic acids has proven to be less 
reliable compared to ITO in terms of affording reproducible WF changes.  It is possible 
to increase the WF of ZnO with phosphonic acids in a manner similar to that of ITO.  
Similarly to ITO, decreasing the WF of ZnO also proved to be more challenging than 
simply selecting a phosphonic acid modifier with a molecular dipole in the direction 
opposite to materials that increase WF.  While more potential for decreases by 
phosphonic acid were obtained than in the case of ITO (as shown in Chapter 3), 
reproducing such WF decreases from batch to batch proved difficult.  This variability 
likely originates from the tendency of phosphonic acids to etch away the ZnO substrate in 
some cases removing nearly all the ZnO to leave only the underlying glass substrate 
behind.  Based on the comparison of experimentally determined pKa values of the 
phosphonic acid and AFM/XPS data of which modifiers have a tendency to etch the ZnO 
substrate no clear correlation was observed between acidity and propensity to etch.  At 
higher modification temperatures (~75 °C), ZnO does not withstand phosphonic acid 
solutions regardless of the modifier chosen, which lends credence to the hypothesis that 
an interplay between acidity and the solvation of zinc-phosphonate complexes is what 
determines etching of the underlying substrate. 
 Based on the numerous modification conditions that were examined, it appears 
that lower concentration phosphonic acid modification solutions are preferable to the 10 
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mM concentration that is typically used in such surface treatments.  Even for phosphonic 
acids that readily etch the ALD ZnO surface, there is far less of a tendency to do so at the 
lower concentration.  Spin-coating of phosphonic acids onto the surface of ZnO appears 
to be a promising technique allowing for extremely fast modification times and WF 
changes similar to those measured for immersion by KP and UPS.  Further studies, 
however, are required to examine this technique in more detail and to optimize the 
deposition and subsequent washing conditions.  When a reliable modification technique 
that does not etch the ZnO surface is used (such as the dopants discussed in Chapter 5) 
ALD ZnO proves to be an excellent metal oxide with which to work, having bare 
substrates that are extremely consistent from batch to batch both in terms of morphology 
and intrinsic surface properties (such as WF).   Overall, modification of ALD ZnO with 
phosphonic acids must be done with a greater degree of care than other metal oxides, 
with deposition conditions potentially varying from molecule to molecule based on how 
it interacts with the ZnO surface. 
4.9 Experimental 
4.9.1 Materials 
 All phosphonic acids used in this chapter were synthesized as detailed in Chapter 
2 of this thesis. 
4.9.2 ITO and ALD ZnO Film Preparation and Cleaning 
 ZnO substrates were prepared by cleaning 1 in. × 1 in.  glass microscope slides in 
the same manner as reported for ITO (substrates are scrubbed and subsequently sonicated 
for 10 min with a 5 % solution of Micro-90 detergent in DI water, sonicated in DI water 
for 10 min, sonicated in ethanol for 10 min, rinsed with ethanol, and dried under a flow of 
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nitrogen) followed by either oxygen plasma cleaning.  Immediately after oxygen plasma 
samples were loaded into the atomic layer deposition system (Cambridge NanoTech, 
Savannah 100) and 30 nm of ZnO was deposited.  When ready for use, these surfaces 
were rinsed with ethanol, and dried under a flow of nitrogen. 
 Commercially available ITO substrates (Eagle-XG, Thin Film Devices, Anaheim, 
CA) were purchased and found to have a surface roughness of 0.7-0.8 nm rms as 
measured with AFM.  The ITO was cut into square substrates which were then scrubbed 
and subsequently sonicated for 10 min with a 5 % solution of Micro-90 detergent in DI 
water, sonicated in DI water for 10 min, sonicated in ethanol for 10 min, rinsed with 
ethanol, and dried under a flow of nitrogen to afford DSC ITO samples.  Plasma treated 
ITO surfaces were treated using oxygen plasma with a Plasma-Preen II (100 % Power, 
Plasmatic Systems, Inc., North Brunswick, NJ) for 5 min. 
4.9.3 ALD ZnO Phosphonic Acid Modification 
 In the case of ZnO substrates that were modified by immersion, freshly prepared 
and cleaned ZnO substrates were placed in the modification solution (concentration and 
modification time varied according to the text above).  Upon removal surfaces were 
typically rinsed with a 5 % solution of triethylamine (TEA) in ethanol (note that rinsing 
was used rather than sonication as sonication appeared to be too harsh and potential film 
delamination could be observed), washed with ethanol, and dried under a flow of 
nitrogen.  In the case of spin-coated surfaces, the freshly cleaned ZnO substrates were 
treated with UV-Ozone for 3 minutes and a 10 mM phosphonic acid solution was spun 
immediately on the substrate at 2000 rpm for 1 min.  This was followed by a short 
annealing protocol conducted at 120 °C for 2 minutes. 
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4.9.4 Surface Characterization 
4.9.4.1 XPS and UPS Measurements 
  All measurements were conducted in a combined XPS-UPS Kratos Axis Ultra 
with an average base pressure of 10
-9
 Torr.  UPS was acquired prior to acquisition of XPS 
for all samples.  UPS spectra were obtained with a 21.2 eV He (I) excitation and a pass 
energy of 5 eV using a 27 µm spot size.  Each sample was examined in at least 7 spots to 
ensure consistency over the entire surface and the spectrometer was calibrated using a 
sputter cleaned silver sample.  XPS data were collected with a monochromatic Al Kα 
source (300 W) using a 400 µm spot size and a pass energy of 160 eV for survey 
acquisition and 20 eV for high resolution spectra.  Exposure of the surfaces to X-rays was 
kept to a minimum (ca. 45 min), and spectra were acquired in three spots on each surface.  
Most characterizations were performed at normal takeoff angle (0°).  Data was analyzed 
using Vision Processing version 2.2.8. 
4.9.4.2 Kelvin Probe 
 Kelvin Probe analysis (Besocke Delta Phi) of surfaces was conducted in air with a 
probe diameter of approximately 3 mm.  Samples analyzed by KP were cut to be 1 in. × 1 
in. so that 5 data points could be collected on each surface.  Average values and standard 
deviations were generated from these multiple spots.  Highly ordered pyrolytic graphite, 
freshly cleaved using the Scotch tape method, was used (typical WF of 4.5 eV) at the 
beginning and end of each set of measurements as well as periodically every 2 – 4 
samples analyzed to account for any instrumental drift. 
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4.9.4.3 IR Analysis 
 IR analysis was conducted using a dry-air purged Digilab FTS-600 FT-IR 
instrument equipped with an MCT detector.  In the case of powder samples, a KBr pellet 
was used and 32 scans were collected for each spectrum at a resolution of 2 cm
-1
, 
referencing a transmission spectrum of a pure KBr pellet.  In the case of IRRAS 
measurements, a grazing-angle accessory (80° angle of incidence, Pike) was used.  A 
Perkin-Elmer gold grid polarizer was used to produce p-polarized light and data was 
collected at a resolution of 2 cm
-1
 with a mirror speed of 1.28 cm/s.  10,000 scans were 
collected for each surface measurement and referenced to a bare ALD ZnO substrate. 
4.9.4.4 Tapping Mode AFM 
 All AFM images were acquired under atmospheric conditions using a commercial 
Agilent 5600 LS equipped with an AC-AFM controller.  The microscope was housed 
within an acoustic isolation hood.  The AFM piezo scanner was calibrated using a 3D 
reference silicon grating (Veeco, part number 498-000-026) with a 10 µm lateral pitch 
and a step height of 200 nm.  Cantilevers (NSC35/NoAl, Mikromasch, CA) were made 
from n-type silicon (phosphorus doped), utilizing cantilevers of 130 ± 5 µm in length, 
which have a typical probe radius of 10 nm and a typical spring constant of 4.5 N m
-1
.  
Image acquisition was performed using PicoView 1.10, and image processing performed 
using the open source program Gwyddion version 2.20.   
 Topography images were collected in tapping-mode using a scan speed of 0.5 
lines s
-1
.  After approach of the tip to the substrate, the piezo was retracted until the tip 
was oscillating above the surface and the amplitude set point was then optimized to 
obtain the best image contrast.  Subsequently, the highest possible integral and 
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proportional gains were used to obtain the most accurate representation of the sample.  
All 1 µm images were flattened using a first order polynomial background and all 5 µm 
images flattened using a second order polynomial background.  Each sample was 
examined in at least 3 spots to ensure consistency of data over the entire substrate.  
4.9.5 Determination of pKa Values 
 Titrations of the acids were conducted in a manner similar to that reported 
previously for phenylphosphonic acid.
63
 The pKa values of various phosphonic acids have 
been measured several times in the literature,
51-52, 54, 63-64
 and this particular method was 
chosen due to the use of a solvent mixture containing a high ethanol content, which is 
similar to the conditions used for the modification of the ITO and ZnO substrates.  All 
titrations were performed at an ambient temperature of 20 °C and made with a Thermo 
Orion 420A+ pH meter equipped with a VWR sympHony glass electrode (filled with 
saturated solutions of KCl in either deionized water or methanol) calibrated against pH 4, 
7, and 10 buffer solutions (Hach Company).  A standardized solution of 0.10 M NaOH in 
a mixture of 75:25 ethanol:water (v:v) served as the titrant.  Solutions of the phosphonic 
acid for titration were dissolved in the same ethanol:water mixture at a concentration of 
0.01 M.  All solutions were degassed by sparging with nitrogen prior to use and all 
titrations were performed under a flow of nitrogen. 
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SURFACE MODIFICATION OF METALS AND METAL OXIDES 
USING REDOX-ACTIVE ORGANIC AND METAL-ORGANIC 
COMPOUNDS TO ALTER WORK FUNCTION 
 
 
5.1 Redox Active Dopants to Tailor Work Function 
 Thus far, this thesis has focused on the use of phosphonic acids to modify 
surfaces, relying on the dipole of the tail group, reinforced or opposed by the bond dipole 
to alter the work function of ITO (Chapter 3) and ZnO (Chapter 4).  Specifically, 
Chapters 3 and 4 demonstrated that the WF of both ITO and ZnO can be readily 
increased through phosphonic acid modification.  Decreasing the WF, however, proved to 
be more challenging than anticipated and only minor decreases were observed with 
molecules such as 2,6-F2BPA likely due to opposing dipole effects (tail vs. bond dipole).  
The technique of phosphonic acid modification is also limited to the surfaces of metal 
oxides and thus cannot be readily applied to other metallic substrates such as gold or 
silver.  Therefore, in order to investigate methods to increase and decrease the WF of 
both metals and metal oxides, modifiers other than phosphonic acids need to be 
investigated.  
5.1.1 Doping of Inorganic and Organic Materials 
 Doping allows for control over the electrical properties of a semiconductor by 
introducing impurities into an otherwise extremely pure material.  These impurities vary 





  One of the classic examples of doping is silicon which can be doped to 
form both n-type and p-type silicon.  In the case of n-type silicon a donor material (such 
as phosphorus) is introduced into the lattice, which donates an electron into the 
conduction band.  In the case of p-type silicon, an acceptor material (such as boron) is 
used.  In the case of boron, its substitution in the lattice requires that an extra electron be 
donated from the surrounding silicon and accepted by the boron to form four covalent 
bonds, thereby creating a positively charged hole in the valence band of silicon.  
Generalized band diagrams for these types of doping, along with intrinsic silicon are 
shown schematically in Figure 5.1.  Fortuitously, the terminology n- and p-type fits the 
description of the carrier type produced by the doping (e.g. negative electrons or positive 
holes)
1
 given that the term was coined when it was observed that placing a metal whisker 
against a p-type material forms a Schottky barrier diode and a positive bias was required 





Figure 5.1 Schematic band diagram of doping in a semiconductor, showing the case of an 
intrinsic semiconductor (e.g. silicon) without any impurities (undoped, left), with donor 
impurities (n-doped, e.g. phosphorus, center), and with acceptor impurities (p-doped, e.g. 





 The concept of doping also plays an increasingly important role in organic 
electronics applications as well, allowing for changes in both conductivity and barriers to 
carrier collection/injection.
5
  Both inorganic materials and small molecules can be used to 
accomplish doping in organic devices.  Organic small molecules are a good choice due to 
their larger size making diffusion within the device structure less likely compared with 
the smaller, potentially more mobile metal ions.
6-7
  The choice of a chemical dopant is an 
important one, and is dictated by multiple factors.  The first factor that needs to be 
considered is the type of doping, n- or p-type, that is required for the application and 
whether the chosen dopant can influence materials with a given electron affinity or 
ionization energy, respectively.  The dopant should also be stable, not able to migrate, 
and it is desirable that it be processible from either solution or vapor in order to maximize 
compatibility with different processing conditions.
5, 8-9
  There are multiple review articles 




5.1.2 Doping of Inorganic Surfaces by Adsorption 
 As discussed in the previous section, it is possible to dope materials such as 
silicon by introducing deliberate impurities into the lattice.  Another technique to alter the 
work function of substrates, however, is by adsorption of redox-active materials to the 
surface of a substrate, thereby altering its work function to better align with an organic 
overlayer.   Before continuing it is important to disambiguate what is meant by 
adsorption in the context of this chapter.  The previous chapters focused on adsorption of 
modifiers to the surface through the formation of a covalent linkage (for instance a 
phosphorus-oxygen-metal bond formation).  Adsorption discussed in this chapter is far 
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more general in that materials are physisorbed or electrostatically bound to the surface.  
As will be discussed, this gives dopants an advantage over a more substrate specific 
surface modifier because they are not reliant on specific chemistry between the surface 
and the adsorbate (e.g. thiol to gold or phosphonic acid to metal oxide bonding) and 
increases the number of surfaces that can be modified in this manner.  A true “dopant” on 
a surface is a material that causes an electron transfer event between the substrate and 
itself thereby either donating electrons to (n-type) or accepting electrons from (p-type) 
the substrate.  As will be shown, however, many “dopants” on surfaces cause a 
combination of effects that reinforce one another; assuming integral electron transfer 
from/to the dopant, these effects include: shifts in the Fermi level relative to the band 
edges, and the formation of an interface dipole that also leads to a change in WF. 
 Materials that are commonly used to p-dope surfaces, thereby increasing their 
WF, are strong acceptor molecules with tetrafluoro-tetracyanoquinodimethane (F4-
TCNQ) being one of the more widely used materials for this purpose (Figure 5.2).  One 
of the earlier studies probing F4-TCNQ to increase WF, consequently decreasing hole 
injection barriers, was reported by Koch where it was shown that when F4-TCNQ was 
deposited on the surface of gold (by vapor deposition) a WF increase of 0.35 eV was 
observed by UPS.
14
  UPS combined with XPS measurements of thin (5 Å) and thick (60 
Å) films showed that in thick films both the anion form of F4-TCNQ and the neutral 
species were present, but in thinner films mainly the anion form was observed, indicating 
an electron transfer from the gold to the dopant.
14
  It was later demonstrated that at sub-
monolayer coverages, a network of ordered F4-TCNQ anions form on the surface of 
gold.
15





  The nature of the WF modification was further clarified, compared 
to the previous study, by combining experimental data with theoretical calculations to 
show that the origin of the WF change comes from multiple factors including electron 
transfer and molecular geometric distortions.
16
  More recently, ZnO treated with F4-
TCNQ has been shown to see a WF increase up to 2.8 eV, with the origin of this change 
coming not from electron transfer, but rather from band bending and the formation of an 
interface dipole (partial electron transfer equivalent to ca. 0.02 electrons/molecule).
18
  It 
should be noted that F4-TCNQ can be used to change the WF of graphene
19
 and silver 
20
 
surfaces.  Thus, while the mechanism of action of this molecule is different depending on 
whether metal or metal oxides surfaces are used, a WF increase still occurs.  This dopant 
in particular, however, is relatively volatile,
21
 can interdiffuse within organic films,
22
 and 




Figure 5.2  Examples of p- (top) and n- (bottom) dopants that have been used to treat the 
surfaces of various types of substrates including metals, metal oxides, and graphene.  




 Materials that can serve to lower the WF of multiple substrates by n-doping have 
also been examined.  The structures of some of these materials are shown in Figure 5.2 
and include tetrakis(dimethylamino)ethylene (TDAE) as well as neutral methyl viologen 
(MV0).  Both compounds were initially examined on gold surfaces with a reduction in 
the WF of gold by 2.2 eV being found in the case of MV0
25
 and 1.3 eV in the case of 
TDAE.
26
  Both studies of the thermally evaporated dopant on gold used a combination of 
photoelectron spectroscopy techniques coupled with theoretical calculations to conclude 
that electron transfer from the dopant to the gold surface was taking place, which formed 
a large interface dipole thus leading to the observed WF reduction.
25
  Another modifier 
that has been thermally deposited on gold is acridine orange base (AOB) with an 
observed WF change of -1.7 eV for an inhomogeneous layer < 1 nm and -1.9 eV for 
complete coverage.
27
 As in the case of the previous two modifiers the change in WF was 
attributable to electron transfer leading to the formation of a large interface dipole.  While 
it was claimed that such modifiers should have a similar impact to the WF of other 
substrates
27
 it appears that only TDAE was also examined on another substrate, namely 
ITO.
28
  In this case, a WF reduction of 0.9 eV was observed for a thermally evaporated 
monolayer, attributable to a electron transfer event that then leads to the formation of an 
interface dipole.
28
  The authors noted that there was a slight increase in WF (0.2 eV) upon 






Table 5.1 Summary of WF modification by various n-dopant materials thermally 
evaporated on gold and/or ITO.  The substrate used, along with the WF value of the 

















ITO 4.6 3.7 -0.9 
28
 












5.2 3.3 -1.9 
27
 
         
5.1.3 Redox-Active Metal-Organic Compounds for Doping 
 Recently, both p- and n-dopants have been examined in the Marder group, and the 
structures of the metal-organic materials are provided in Figure 5.3.  Molybdenum 
tris[1,2-bis(trifluoromethyl)ethane-1,2-dithiolene] (Mo(tfd)3) was examined since F4-
TCNQ is a volatile material that has a tendency to diffuse within an organic layer.
21, 29
  
This particular material was chosen for several reasons, the first of which was because of 
its larger size, which aids in mitigating diffusion through the doped material.  In 
comparison with F4-TCNQ, which has an electron affinity (EA) of 5.25 eV,
30-31
 Mo(tfd)3 
is an even more powerful oxidant with an EA of 5.6 eV,
32-34
 is less volatile, and is also 
more readily used as a solution oxidant due to its good solubility, which can be tuned 




Figure 5.3  Redox-active metal-organic species recently examined by the Marder group 
for p- (top) and n-doping (bottom).
8-9, 33-34
   
 
 In the case of n-dopants, the ability to dope low electron affinity (EA) materials 
yet for the dopant itself to be relatively stable for handling are two criteria that are 
simultaneously difficult to satisfy.
5
  In order to circumvent this problem and form 
essentially air-stable dopants, it is possible to couple electron transfer chemistry to 
chemical reactions.  The organometallic sandwich compounds shown in Figure 5.3 are 
such an example, being relatively air-stable solids, but are also “masked” forms of 
strongly reducing monomers, capable of doping materials with EA as lows as ca. 3 eV.
8-9
  
As discussed in 5.1.2 the n-dopants used were all processed by vapor deposition, so the 
ability to process such materials from solution would be extremely useful.  The 
mechanism behind how these dimers dissociate to form a monomer that readily acts as a 
donor material has also been investigated, with two distinct mechanisms possible, which 
are summarized in Figure 5.4.
35
  In one mechanism, the dimer form of the material can 
dissociate to form two 19 electron monomers, which both readily give up an electron to 
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an acceptor thereby forming two monomer cations.  It is also possible for electron 
transfer from the dimer to the acceptor to occur first, followed by dissociation of the 
dimer cation to form a 19 electron monomer (which subsequently also transfers an 
electron to an acceptor) and a monomer cation, once again resulting in the formation of 
two monomer cations.  Regardless of the mechanism, the thermodynamics of doping will 
be influenced by both the [M
+
/M] redox potential and the free energy of dissociation of 
the central C-C bond of the dimer. 
 
 
Figure 5.4 The two mechanisms by which electron transfer occurs using [RhCpCp*]2 as 
an example.  The first step can either be the dissociation of the dimer (mechanism I) or 




 It is important to note that materials such as those shown in Figure 5.3 have 
recently been investigated for their ability to dope surfaces by adsorption.  In particular, 
graphene was treated with a molybdenum p-dopant and [RhCpCp*]2 as an n-dopant.
36
  
Unlike the methods discussed in 5.1.2, solution processing was used instead of vacuum 
deposition; the graphene surface was soaked in a dilute solution of the dopant for short 
amounts of time.  This straightforward solution processing methodology still produced 
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drastic changes in the WF of graphene, showing an increase for the p-dopant of 0.2 – 0.7 
eV depending on the treatment conditions and a WF decrease of 1.3 eV in the case of the 
n-dopant (using treatment time of a few seconds).
36
  The ability to produce such drastic 
WF changes by solution soaking without the need to vapor deposit the material is highly 
attractive for device fabrication as it could potentially increase throughput and decrease 
fabrication complexity. 
5.2 Selection of Dopants for Treatment of ITO, ZnO, and Gold  
 As shown in 5.1.2 work has already been done to indicate that dopants do have a 
significant impact on the surfaces of metals and metal oxides in terms of tuning work 
function.  The p- and n-dopants that were subsequently discussed in 5.1.3 are more 
strongly oxidizing or reducing, respectively, compared with what has already been 
examined in the literature.  Since it had already been shown that these materials are 
effective dopants of organic semiconductors,
8-9, 33-35
 and influence the work function of 
graphene,
37
 two questions were raised.  The first question was whether or not these metal-
organic dopants would have an impact on the work function of metal and/or metal oxide 
surfaces.  Then, if such metal-organic species do influence the work function, how do 
they compare with other compounds reported in the literature.  That is, does the oxidizing 
or reducing strength of the dopant have an impact on the work function modification of 
the substrate?  In order to investigate these questions, a series of metal-organic molecules 
were chosen from the work discussed in 5.1.3 along with several materials that had 
previously shown work function tuning ability as discussed in 5.1.2.  A summary of the 
materials chosen for this study along with their abbreviations used throughout the text are 




Figure 5.5  Summary of p- and n-dopants that were used in the treatment of ITO, ZnO, 
and gold surfaces.  Abbreviations for these materials are also provided. 
 
 A comparison of redox potentials for some of the materials shown in Figure 5.3 
and Figure 5.5 are provided in Figure 5.6.  It should first be noted that in the case of the 
dimer materials both the oxidation of the dimer, generalized as [M]2, and the oxidation of 
its monomer, [M
+
/M], are noted.  For these materials, in order to represent the effective 










 M2], this can be done according to 
the following equation using electrochemical potentials for the reduction of the monomer 
cation to the monomer and estimates of ΔGdiss based on DFT calculations.
38
 




  ⁄ )    
  ⁄   (
 
  
)           Equation 5.1 
Thus, the dimer materials have similar effective dopant strength (assuming 
thermodynamic completion and no hindrance based on kinetic considerations) that are all 
larger than for materials such as MV0 and TDAE.  In the case of the p-dopants, while 
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there is still variation, the materials are relatively close to one another in terms of their 
first reduction potential.  
 
Figure 5.6 Electrochemical potentials for materials investigated in this chapter as well as 
for materials previously used in the literature to treat surfaces.  The solvent in which the 
electrochemical data was collected is noted.  In the case of the n-type dimer materials, the 
oxidation of the dimer [M]2 and the more reactive monomer [M
+
/M] are shown.  Also 
shown is the thermodynamic estimate of doping strength, Eeff(M
+
/0.5M2),  as afforded 
from Equation 3.3 based on electrochemical data and DFT calculations (two values are 
reported for [IrCpCp*]2 as the dominant isomer and the minor isomer afford slightly 
different values for both dimer oxidation and effective oxidation.
38
  In the case of p-type 
materials, only first reduction potentials are reported.  All potentials reported are vs. the 
ferrocenium/ferrocene (Fc
+





















5.3 n-Doping of Metals and Metal Oxides with Metal-Organic Species 
5.3.1 Surface Treatment 
 Surfaces of smooth ITO, atomic layer deposition (ALD) ZnO, and gold were 
obtained.  After appropriate cleaning steps, as detailed in the experimental section of this 
chapter (5.6), samples were transferred into a nitrogen filled glove box.  Even though the 
dimers and monomer cations are air stable, the low WF surface (ITO, gold, ZnO) after 
modification is air sensitive (5.3.3.3), which is why sample treatment took place inside 
the glove box using anhydrous, oxygen-free toluene.  Toluene was chosen for these 
studies since the dimers have good solubility in it, and it is possible to easily purify 
toluene to obtain anhydrous, oxygen-free solvent.  After surfaces were immersed in dilute 
solutions of the dimers in toluene for short amounts of time (60 s, or 1 h), they were 
rinsed to remove any material that was physisorbed to the surface.   Samples were then 
taken for XPS/UPS for analysis using a nitrogen filled transfer arm, which allowed for 
sample transport without exposure to air.  It is important to note that for each experiment 
collection of XPS/UPS data occurred using the bare substrate.  This substrate would then 
be transferred into the glove box for treatment (it was noted the glove box antechamber 
pump-fill cycles introduced contaminants on clean surfaces so samples were brought into 
the box inside of the transfer arm), and after modification that same sample would then 
be measured by XPS/UPS.   
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5.3.2 XPS Analysis 
5.3.2.1 XPS Analysis of ITO Treated with [IrCpCp*]2 
 As described in 5.3.1 ITO surfaces were treated with [IrCpCp*]2 by immersion in 
dilute toluene solutions (typically 2 mM) for both 60s and 1 h.  Even with such short 
modification times, drastic changes in the WF were observed as will be discussed later in 
5.3.3.  XPS analysis of surfaces after treatment indicated the presence of Ir, and a 
comparison of the survey spectra and high-resolution Ir 4f region for both freshly cleaned 
ITO and ITO treated with [IrCpCp*]2 are shown in Figure 5.7 and Figure 5.8, 
respectively.  It should be noted that the Ir 4f peak was chosen as the peak by which 
modification of the surface would be tracked as it has a higher ionization cross section 
than the Ir 4p, Ir 4d, and Ir 4s peaks, which is of particular importance when looking at a 
monolayer or less of material.  It should also be noted that while Ir 4d peaks could be 





Figure 5.7 Comparison of survey spectra obtained by XPS.  Spectra shown are for an ITO 
sample that was initially detergent solvent cleaned and subsequently immersed in a 2 mM 
solution of [IrCpCp*]2 in anhydrous toluene for 1 h.  Important core ionizations are 





Figure 5.8 Comparison of high-resolution spectra obtained by XPS in the region where Ir 
4f ionizations typically occur.  These high resolution spectra correspond to the same 
sample used to obtain Figure 5.7.  Note that there is no Ir present on the surface of ITO 
prior to treatment with [IrCpCp*]2.  Spectra have been normalized.    
 
 As previously reported, dimers such as those being investigated can react with 
acceptors to form 2 monomer cations.
8, 35, 37
  In the dimer form, the Ir in the metal-
organic complex exists as Ir (I).  However, the Ir in the monomer cation is Ir (III).  In 
order to probe whether the dimer or monomer cation form of the complex was present on 
ITO after treatment with the dimer solution, high-resolution XPS analysis was conducted.  
Figure 5.9 shows a comparison of ITO that was treated with [IrCpCp*]2 for either 60 s or 
1 h as well as a thick, drop-cast film of the dimer on top of ITO.  The data shows that the 
drop-cast film is mainly Ir (I), meaning that essentially only dimer is present.  There is a 
small shoulder originating from Ir (III), which is likely due to the small amount of the 
film that was able to interact with the surface, and thus form a monomer cation.  In the 
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case of the ITO that was immersed in a solution of the dimer, there appears to be only Ir 
(III) present on the surface, which is consistent with the formation of a cationic monomer 
on the surface of ITO.  It should be noted that the peak positions for Ir (I) and Ir (III) are 




Figure 5.9 XPS high-resolution Ir 4f spectra (shown are the Ir 4f5/2 and 4f7/2 peaks) 
comparing DSC ITO that was treated for either 60 s or 1 h with a 2 mM solution of 
[IrCpCp*]2 in anhydrous toluene.  Also shown is a DSC ITO sample onto which was 
drop-cast a thick film of [IrCpCp*]2 from a concentrated solution in anhydrous toluene.  
There is good agreement between the high binding energy shoulders present in the thick 
film, correspond with what is observed for the solution soaked samples, thereby 
indicating the presence of monomer cation on the surface after treatment.  The structure 
of [IrCpCp*]2 and its monomer cation form are also shown, and the labeled oxidation 





 Since it is evident that monomer cations are present on the surface of ITO after 
treatment in solutions of the dimers, attempts were made to examine if it could be 
determined by XPS where the donated electrons were in the ITO substrate.  There are 
several possibilities as to where the electrons could be located after donation including: 
localization on In sites, localization on Sn sites, delocalized within In states close to/in 
the conduction band, or conversion of surface hydroxyl groups to negatively charged 
oxygen groups with the concomitant loss of molecular hydrogen.  As indium is the main 
component in ITO, it would be anticipated to be the most likely recipient of electrons 
transferred from [IrCpCp*]2.  If reduction of ITO by the dopant does take place, it should 
be possible to observe the change in oxidation state based on XPS analysis, with the 
reduced form of In expected to move toward lower binding energy.  Unfortunately, 
however, examination of the In 3d peak before and after treatment did not show any 
significant shifts (e.g any shifts beyond what can be observed in variation of peak 
position from spot to spot on the same sample).  Attempts were also made using angle- 
resolved XPS to enhance the surface sensitivity of the technique (by minimizing the 
amount of bulk ITO that is probed during the analysis) by acquiring data at an incidence 
angle of 70°, but this data also did not provide any reliable peak shifts.  It should also be 
noted that an examination of Sn 3d peaks in a similar manner showed no evidence of 
shifts in position.  Thus, while there clearly is an electron being transferred from the 
monomer to the surface, there are two possibilities as to why this core-level shift cannot 
be observed.  One possibility is the electron transfer may be extremely delocalized and 
thus In atoms at the surface are seeing partial electron transfer leading to only subtle 
shifts in the spectra smaller than the instrumental error.  Another possibility is that even 
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at a take-off angle of 70° there is still too much bulk ITO being probed, which is masking 
the reduced form of In (which exists directly at the surface) from being readily observed.  
In lieu of XPS data showing electron transfer data, UPS will have to be used, specifically 
looking at shifts in VBM as discussed in 5.3.3. 
 In order to probe how much of the monomer cation was present on the surface 
after treatment, XPS analysis was used to calculate the coverage of the modifier in the 
same manner as that used for phosphonic acids on ITO (3.6).  In order to use an Ir/In ratio 
(analogous to F/In ratios used for phosphonic acids) to calculate coverage, the density of 
the monomer in a close-packed arrangement needed to be determined.  This would thus 
allow a theoretical Ir/In ratio for an ideal monolayer to be obtained, and subsequently be 
compared with the experimentally determined ratio.  Note this assumes a vertical cation 
orientation relative to the surface normal.  Based on a Spartan model of the monomer 
cation, the radius of the monomer was determined to be 4.487 Å (the average distance 
from the centroid of the molecule to outer hydrogen atoms in the Cp* ring plus the Van 
der Waals radius of hydrogen) meaning that the area of molecule would be 63.25 Å
2
.  
However, when the close-packing of the molecule is considered, the direct molecular 
footprint underestimates the area taken up by one molecule as there is empty space 
between molecules.  Figure 5.10 illustrates this packing arrangement of the monomers, 
and shows the unoccupied space as well as the more representative area (which includes 
this empty space) as bounded by the parallelogram.  This area is thus calculated to be 
69.8 Å
2
.  Again, using the model of ITO developed by the Bredas group
46
 (3.6) and a 
sample information depth of 3λ (8.4 nm) it can be determined that for every Ir atom there 
are 139 In atoms present in the volume bounded by the monomer cation footprint and 
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sample information depth.  Correcting the theoretical Ir/In ratio to compare with the 
experimental Ir/In data affords the coverage values summarized in Table 5.2 for DSC 
ITO after 60 s and 1 h of dopant treatment and plasma cleaned ITO after 60 s of dopant 
treatment.  Note XPS data was collected on three distinct spots and percent coverage 
reported is the average of the three spots.  The variation in spot to spot percent coverage 
as determined by the standard deviation was less than ± 9 % in all cases.  Based on this 
data it appears that the dopants produce monolayer to sub-monolayer coverage depending 
on the modification conditions and surface pre-treatment used. 
 
 
Figure 5.10  Monomer cation of [IrCpCp*]2 as a space-filling model in a close-packed 
geometry (represented by the red line).  The radius of the molecule is shown in yellow 
and the centroid-to-centroid distance is shown in peach.   The area formed by the light 
green shaded rhombus best represents the molecular footprint, taking into account the 
hexagonal packing that is shown.  
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Table 5.2 Comparison of [IrCpCp*]
+
 coverage on either plasma or detergent solvent 
cleaned ITO treated with a 2 mM solution of [IrCpCp*]2 under the conditions shown.  
The coverage values are expressed in both percent coverage (percent of an ideal 
monolayer) and absolute coverage (molecules/cm
2
).  Coverage values obtained from a 
comparison of Ir/In atomic ratios obtained from XPS data with Ir/In ratio obtained from a 



























DSC 2 mM, 60 s 
69.8 1.43 
73 % 1.04 
DSC 2 mM, 1 h 92 % 1.32 
Plasma 2 mM, 60 s 93 % 1.33 
 
5.3.2.2 XPS Analysis of ITO Treated with [RuMesCp*]2 and [RhCpCp*]2 
 A similar analysis to that discussed in 5.3.2.1 was conducted for ITO treated with 
the two other dimers in order to confirm modification of the surface as well as calculate 
coverage of the monomer cation that subsequently forms after treatment in the solution of 
dimer.  Using DSC ITO, substrates were soaked in a 2 mM solution of [RuMesCp*]2 or 
[RhCpCp*]2 for 60 s or 10 s, respectively.  Survey spectra comparing DSC ITO and DSC 
ITO after treatment with the Ru and Rh dimers are shown in Figure 5.11.  High-
resolution spectra showing the Ru 3d and Rh 3d peaks are shown in Figure 5.12.  In the 
case of the Rh dopant, both Rh (III) and Rh (I) were observed on the surface, which is 
consistent with the report of monolayer to sub-monolayer coverage of the dopant on 
graphene.
37
  In the case of the Ru dopant, however, no oxidation state change occurs 
between the dimer form and the monomer cation form.  Thus, it is not possible to 
explicitly state that the monomer cation form is on the surface, but based on observations 
and the comparable WF modifications (5.3.3) found with the different dimers, it is 




Figure 5.11  XPS survey spectra for DSC ITO and ITO after treatment in 2 mM solutions 
of [RuMesCp*]2 and [RhCpCp*]2 for 60 s or 10 s, respectively.  Note in the case of the 
Ru dopant, the Ru 3d peak occurs in the same area as the peak originating from C 1s.  
Also note that in the case of the Rh dopant, there are peaks originating from Si 2s and Si 
2p (~150 and 100 eV, respectively).  These peaks originate from contamination due to the 
antechamber of the glovebox (silicon oil) and was how (as mentioned previously) it was 




Figure 5.12  High resolution spectra acquired by XPS after DSC ITO was treated with the 
Ru (A) and Rh (B) dimers.  The respective dimer and monomer cations are shown below 
the spectral data for each dopant.  In the case of the Ru dopant, no oxidation state change 
occurs when going from the dimer to the cation form.  Also it should be noted that only 
the Ru 3d5/2 peak is visible since the Ru 3d3/2 peak overlaps with the C 1s peak.  In the 
case of the Rh dimer, both the dimer as Rh (I) and the cation as Rh (III) are present on the 
surface, which is consistent with what was observed with this dopant on graphene.
37
   
 
 Calculation of coverage for the Ru and Rh dopants on the surface of ITO was also 
conducted in a manner similar to that discussed in the previous section for [IrCpCp*]
+ 
on 
ITO.  The coverage data for these two dopants is summarized in Table 5.3 with a 
similarly prepared ITO sample treated with [IrCpCp*]2 shown for reference.  As can be 
seen, the coverage values for the Ir and Rh dopants are relatively similar, while the Ru 
dopant is much lower.  This change in coverage is likely due to the difference in structure 
of the Ru dopant from the other materials tested, namely the presence of a mesitylene 
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group rather than a cyclopentadiene.  While this group does not vastly change the 
molecular footprint of the vertically standing molecule, there is a delicate balance of 
factors affecting the orientation of organometallic sandwich compounds with respect to 
inorganic surface layers and thus it is possible to have the molecule laying on the surface 
such that the Cp and Cp* rings are parallel to the surface normal rather than the assumed 
perpendicular orientation.
47
  This would then lead to a lower overall packing density.  It 
should be noted that because of the presence of more than just the monomer cation (e.g. 
the presence of the shoulder from the Rh (I) dimer), the Rh coverage is likely 
overestimated slightly.  In all cases, however, less than a monolayer of material was 
deposited on the surface.  It should also be noted that for the Rh dimer on graphene, a 
similar coverage was observed (75 % of a monolayer).
37 
 
Table 5.3 Comparison of coverage values for DSC ITO treated with 2 mM solutions of 
[IrCpCp*]2, [RuMesCp*]2, and [RhCpCp*]2 for 60 s.  The coverage values are expressed 
in both percent coverage (percent of an ideal monolayer) and absolute coverage 
(molecules/cm
2
).  Coverage values obtained from a comparison of M/In (where M = Ir, 
Ru, or Rh) atomic ratios obtained from XPS data with M/In ratio obtained from a 































[IrCpCp*]2 69.8 1/139 1.43 73 % 1.04 
[RuMesCp*]2 71.1 1/153 1.41 30 % 0.42 
[RhCpCp*]2 71.0 1/151 1.41 94 % 1.32 
 
5.3.2.3 XPS Analysis of Au and ALD ZnO Treated with [IrCpCp*]2 
 The [IrCpCp*]2 dimer was also used to treat surfaces of atomic layer deposition 
(ALD) ZnO and gold in order to examine the impact one of the dopants had on another 
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metal oxide as well as a metal.  Both gold and ZnO surfaces were treated in the same 
manner as the ITO substrates (with the exception of the initial surface cleaning as noted 
in the experimental section, 5.6).  A comparison of survey spectra before and after 
modification for these surfaces is shown in Figure 5.13.  As can be seen, both surfaces 
were successfully modified with the dimer as observed by the presence of Ir peaks in the 
spectra after treatment.  High-resolution Ir 4f spectra are also shown in Figure 5.13.  
Coverage values for these surfaces, however, could not be readily calculated.  In the case 
of ZnO (as discussed in 4.5.1), the ALD ZnO surface is granular in nature (Figure 4.7).  
Thus, while the theoretically calculated surface matches that of the favored orientation of 
the polycrystalline ALD ZnO film (the (0002) plane), it does not take into account the 
geometry of the surface (partially exposed spheres) and thus the experimental surface has 
more surface area that can be accessed by modifiers than the calculated surface.  This 
means that the theoretical Ir/Zn ratio would be underestimated compared with the 
experimental surface and apparent coverage values would have limited utility.  In the 
case of the Au surfaces, the experimental values for the Ir/Au are overestimated due to 
the fact that the Ir ionizations (both the Ir 4d and Ir 4f) overlap with the onset of the 
analogous gold peaks (Au 4d and Au 4f) and in the shake ups of other peaks (C 1s for Ir 
4d and Au 5p for Ir 4f).  This means that the integrated values will be overestimated and 
thus comparing an experimental Ir/Au ratio to that calculated from a theoretical model 
affords data that is not reliable.  In both cases, however, there appears to be only the Ir 
(III) oxidation state present on the surface, which, based on the ITO data, is indicative of 




Figure 5.13 Comparison of survey and high-resolution Ir 4f spectra from XPS analysis 
for Au (A and C) and ZnO (B and D) after treatment with [IrCpCp*]2 (2 mM in 
anhydrous toluene for 60 s).  In the case of the Au substrate the Ir 4f peak occurs at the 
tail of the Au 5p and the onset of the Au 4f peak making reliable quantification difficult.  
For both the Au and ZnO treated surfaces, the Ir present appears to originate only from 
the Ir (III) oxidation state, indicating the presence of monomer cation on the surface.  
Survey spectra have been normalized, offset, and core ionizations labeled for clarity. 
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5.3.3 UPS Analysis of ITO, ZnO, and Au Treated with n-Dopants 
5.3.3.1 Work Function Modification by n-Dopants 
 In order to examine the impact the surface modifiers have on the WF of the 
substrate (ITO, ZnO, or Au) UPS was used to examine shifts in the secondary electron 
edge and obtain WF values before and after modification.  A summary of these WF 
values for different modification conditions and different substrates is shown graphically 
in Figure 5.14.  In all cases, the bare substrate was measured prior to modification, the 
sample was treated, and the same sample was then examined again after modification.  
All UPS analysis was conducted prior to XPS analysis and each data point is the average 
of at least 7 spots measured on each surface with the error bar originating from the spot to 
spot standard deviation.  The measured values are also summarized in Table 5.4 along 
with the change in WF after treatment of the surface with the dopant. 
 
Table 5.4 Summary of experimental UPS data shown in Figure 5.14 along with the 
















DSC 10 s Rh 4.57 ± 0.06 3.67 ± 0.07 -1.00 
DSC 60 s Ru 4.53 ± 0.04 3.46 ± 0.07 -1.07 
DSC 60 s Ir 4.63 ± 0.04 3.29 ± 0.08 -1.34 
Plasma 60 s Ir 5.29 ± 0.06 3.69 ± 0.03 -1.60 




60 s Ir 3.90 ± 0.02 3.40 ± 0.04 -0.50 
1 h Ir 3.88 ± 0.04 3.30 ± 0.10 -0.58 





Figure 5.14   Comparison of WF values for ITO, ZnO, and gold with the noted n-dopants.  
All samples were treated for 60 s in the solution of the dopant unless otherwise noted on 
the graph.  Cleaning protocols included detergent solvent cleaning or plasma cleaning for 
ITO, rinsing with ethanol for ZnO, and piranha cleaning for the gold surface.  Substrates 
were examined in a minimum of 7 spots to ensure consistency of the data over the whole 
surface.  Red data points indicate a measurement after modification and black data points 
indicate measurements prior to modification.  Different shapes correspond to different 
substrate types as shown in the legend. 
 
 The data shows that all three surfaces showed substantial decreases in WF after 
treatment with the Ir dimer.  The largest shifts were observed for plasma-cleaned ITO and 
piranha-cleaned gold (-1.60 and -1.87 eV, respectively) which demonstrates that even 
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high WF materials can see significant reduction in WF.  In the case of ITO, all three n-
dopants showed similar WF reductions on the order of 1.0 to 1.3 eV from the bare 
substrate, which is to be expected based on the similarity of the calculated effective redox 
potentials as shown in Figure 5.6.  It appears that the Ir dopant has a larger impact on the 
WF compared with its Rh and Ru counterparts.  It is, however, important to point out that 
factors such as coverage (in the case of the Ru dopant), which can impact the number of 
electrons transferred and therefore the magnitude of the interface dipole, and 
modification time (in the case of the Rh dopant) also likely influence the ability of the 
material to cause a change in the WF.  Thus, a more thorough, direct comparison between 
the three materials would be needed in order to draw reliable conclusions regarding the 
origin of this difference in WF reduction.  In the case of the Ir dopant, it appears that 
while modification time did have an impact on the coverage of the monomer cation (as 
shown for ITO) it does not influence the change in WF.  This trend regarding treatment 
time is consistent for both ZnO and ITO.   It appears that the use of [IrCpCp*]2 and 
similar dimers affords a reliable method by which to reduce the WF of metals and metal 
oxides without the need for vapor deposition of the dopant. 
 While it is possible to compare the WF values obtained above with those reported 
in the literature (summarized in Table 5.1), such a comparison must be done with the 
caveat that the dimer materials were deposited from solution soaking and materials such 
as TDAE, MVO, and AOB were vacuum deposited.  Thus, in order to have a direct 
comparison both TDAE and [IrCpCp*]2 were used to treat the surface of DSC ITO using 
2 mM solutions in anhydrous toluene for 60 s.  An ITO sample was also soaked overnight 
in a 10 M solution of NaOH to examine what changes happen in the presence of base in 
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an attempt to mimic what would happen if the dimers or TDAE are reacting with 
hydroxyl groups on the surface of ITO.  The WF values before and after treatment are 
summarized in Table 5.5.  The data shows that TDAE does decrease the WF of ITO as 
expected, but not to as large an extent as that of the Ir dimer treated surface.  It should 
also be noted that the final WF value obtained for the TDAE treated ITO is similar to that 
reported in the literature of 3.7 eV for vapor deposition.  In the case of the base-treated 
surface, there is essentially no change between the surface before NaOH treatment, and 
the surface after treatment with the base.    
 
Table 5.5  Comparison of WF values before and after treatment of DSC ITO with 
[IrCpCp*]2 (2 mM, 60 s), TDAE (2 mM 60 s), and NaOH (10 M, overnight).  Error bar 







[IrCpCp*]2 4.63 ± 0.04 3.29 ± 0.08 -1.34 
TDAE 4.57 ± 0.06 3.87 ± 0.06 -0.70 
NaOH 4.28 ± 0.02 4.23 ± 0.03 +0.05 
 
5.3.3.2 Interface Dipole Contribution from Monomer Cation Species on the Surface 
 Now that the WF modification had been confirmed and demonstrated to be a 
reliable and substantial reduction in WF compared with bare surfaces for both metals and 
metal oxides, it was necessary to use UPS to examine the interface dipole contribution to 
the WF shift.  Examination of shifts in the VBM is a way to distinguish between changes 
to the Fermi level relative to the band structure from changes in the Fermi level due to the 
presence of an interface dipole.  Figure 5.15 summarizes the VBM values before and 
after treatment of ITO and ZnO.  Table 5.6 then takes the values shown in Figure 5.15 
along with the ΔWF values from Table 5.4 to afford the interface dipole contribution 
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(ΔWF + ΔVBM).  This table shows that the majority of the change in WF originates from 
the formation of an interface dipole once the monomer cation is on the surface of the 
substrate and that only a small contribution comes from movement of the VBM relative 
to the Fermi level.  Thus, the cationic monomers are likely electrostatically bound to the 
surface of the substrate, which forms an interface dipole and leads to an observed 





 where  n-dopants lead to the formation of cationic 
species on the surface and thus an interface dipole with the positive pole pointing away 






Figure 5.15 Valence band maximum values for ITO and ZnO surfaces before and after 
treatment under the noted modification conditions.  Values shown are with respect to the 
Fermi level.  As gold is a metal it has no clear VBM, only a Fermi level step, and thus no 
shift was observed.  








Table 5.6  Summary of VBM values shown in Figure 5.15 to obtain changes in VBM 
(ΔVBM) along with changes in WF (ΔWF), which afford the interface dipole 


































3.56 ± 0.09 3.43 ± 0.14 -0.13 -0.58 -0.71 
 
5.3.3.3 Work Function Stability in Air after Modification 
 Since n-dopants such as TDAE, MV0, or the 19-electron monomer species of the 
dimers are unstable in air, readily oxidizing due to the presence of oxygen and water, it is 
important to determine whether, after the surface modification has taken place (under 
inert atmosphere), the shift in WF remains upon exposure to air.  In order to probe this 
question, both surfaces of ITO and ZnO treated with [IrCpCp*]2 were exposed to air for 
various amounts of time and the WF examined after each exposure.  In order to obtain 
this data, the as prepared samples were removed from UHV and brought up to 
atmosphere under a blanket of nitrogen.  The sample was then exposed to air for the 
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given amount of time and then immediately returned to UHV for analysis.  The same 
substrate in each case was tracked throughout the air exposure process.  The data tracking 
changes in WF with air exposure are shown in Figure 5.16 and indicate that the initial 
large change in WF occurs within the first minutes of air exposure, regardless of 
substrate, and that the WF increases by about half the value of the initial decrease (~ 0.5 
eV for ITO and ~ 0.3 eV for ZnO) within this short amount of time.  After that point, the 
WF stabilizes at around 4 eV for both surfaces.  The same ITO sample shown in Figure 
5.16 was also examined after a total of 12 days of air exposure and a WF of 3.90 ± 0.09 
eV was obtained.  A similarly prepared ITO sample was also examined after 30 days of 
storage within a glove box (typically ~ 1 ppm O2) and there was also an observed 
increase in WF from an initial value after treatment of 3.3 eV to 3.7 eV, which is on the 
order of the change observed for the 5 min of air exposure.  TDAE treated ITO has also 
been reported to undergo changes in WF after exposure to air.
28
  It is important to note 
that in all these cases for ITO, the final WF value is still well below that of DSC ITO, but 
in the case of ZnO, where the initial starting WF is much lower, the final WF after air 
exposure stabilizes around the starting value.  A comparison of the XPS Ir 4f peaks for 
these samples (Figure 5.17) shows a very small shift to lower binding energy values of 
~0.2 eV.  When compared to the dimer form, however, the Ir species still exist as 
monomer cations and are stable on the surface at long exposure times, which is to be 









Figure 5.16 Summary of WF shifts for ITO and ZnO surfaces that were treated with 
[IrCpCp*]2 and subsequently exposed to atmosphere for 5 min, 2 h, 16 h, and 72 h.   WF 
was tracked via UPS analysis and when samples were not being exposed to atmosphere 
the substrates were stored under vacuum.  Each data point originates from the average 




Figure 5.17  Comparison of Ir 4f peaks for a drop-cast film of the dimer on ITO, a 
solution soaked sample of ITO immediately after treatment without exposure to air, and 
after varying amounts of time exposed to atmospheric conditions.  The vertical dashed 
lines serve as guides to show the subtle difference in binding energy observed for the Ir 
4f peak position after treatment and after air exposure.  Graphs have been normalized and 
vertically offset for clarity. 
 
5.3.4 Summary of Results for n-Dopants 
 Overall, it has been shown that the various dimers examined above have the 
ability to greatly reduce the WF of metals (Au) and metal oxides (ITO and ZnO) with 
typical WF values after treatment (irrespective of surface type or dopant chosen) of ~3.3 
– 3.6 eV.  It is also evident that the source of this reduction in WF is the deposition of a 
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sub-monolayer of monomer cations on the surface of the substrate, presumably 
compensated by negative charges within the ITO, which leads to the formation of an 
interface dipole and a concomitant reduction in WF.  While it was demonstrated that the 
oxidation to the 18-electron monomer cations, it could not be readily determined where 
the electrons transferred from the dopants are localized within the substrate.  However, 
based on no apparent shifts in In or Sn core levels by XPS, and the small shifts in the 
VBM observed by UPS, it can be speculated that the electrons transferred are delocalized 
within the substrate.  There is an increase in WF upon exposure to air within the first 5 
minutes, but the WF appears to stabilize after this point at around 4 eV for many days of 
atmospheric exposure and, at least in the case of ITO, the WF after air exposure is still 
below that of DSC ITO.      
5.4 p-Doping of Metals and Metal Oxides with Organic and Metal-Organic Species 
5.4.1 Surface Treatment 
 ITO was used to examine the effects of the p-dopants, Magic Blue and Mo(tfa-
tf)3.  In the case of Mo(tfa-tf)3 toluene could again be used as the solvent, but for Magic 
Blue, which is insoluble in toluene, anhydrous dichloromethane (DCM) was used.  As 
Magic Blue is a commercially available material (making it more readily available) it was 
possible to examine how concentration and immersion time impact the measured WF 
after treatment.  Furthermore, due to the nature of these p-dopants they are not as readily 
susceptible to atmospheric exposure, and this was demonstrated by conducting 
modification of ITO with Magic Blue under atmospheric conditions as well as under inert 
atmosphere (as shown in 5.4.4).  The resulting WF values were extremely similar to one 
another.  It should be noted that while UPS is a technique that is suitable when exact WF 
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values are desired, KP values (when properly referenced to a substrate such as highly 
ordered pyrolitic graphite, HOPG) were found to provide good estimates of WF values.  
The sample throughput rate for KP, however, is substantially higher, which is why KP 
was used for a large number of samples when optimizing modification conditions.  These 
observations of KP vs. UPS are consistent with those found in the literature when 
comparing the two techniques.
48-49
    It should be noted that the vast majority of this work 
was conducted in collaboration with Devin Friend from the University of Florida.  
5.4.2 Optimization of ITO Modification Conditions for p-type Materials 
 Since it was possible to test a wider range of modification conditions (due to the 
readily available nature of Magic Blue, and the ease with which KP can be conducted) a 
survey of various modification conditions was examined prior to conducting a more 
thorough XPS/UPS analysis of the surfaces.  It should be noted that to ensure consistency 
among the various modification conditions, samples were prepared inside a glove box 
and kept under inert atmosphere until immediately before KP measurements (in the case 
of testing temperature dependence, samples were prepared outside the glove box as 
boiling DCM was needed).  Variables such as concentration, modification time, and 
temperature were all examined in order to determine which set of conditions led to the 
most drastic WF change for ITO before and after treatment.  Figure 5.18 summarizes the 
results of testing different modification conditions using concentrations of 0.5 mM, 2 




Figure 5.18 Comparison of WF values obtained from different modification conditions of 
ITO using solutions of Magic Blue in DCM. All data was collected using KP, with the 
error bar originating from the average of at least 5 spots on each surface.  All data is 
referenced to freshly cleaved HOPG surfaces and show WF changes relative to that 
reference point.  Modification conditions examined include different concentrations (A) 
all treated for 10 min, different modification times using 2 mM (B) and 8.7 mM (C) 
solutions of Magic Blue in DCM, and examining the impact of concentration, time, and 
modification temperature (D) with samples modified at 25 °C in blue and those modified 
at 40 °C in red.  A freshly DSC ITO sample is provided for each set of measurements.  
Samples in (D) were prepared outside of the glove box.   
 
 The data shown in Figure 5.18 indicate that both solution concentration and 
modification time impact the ability to increase the WF of ITO.  There are, however, 
diminishing returns on modifying substrates for longer than an hour as the WF change 
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begins to decrease beyond this point.  Similarly, there was no clear advantage to 
modifying surfaces at elevated temperatures compared with room temperature.  Figure 
5.18D does show that when directly comparing the two concentrations, the more 
concentrated solution of Magic Blue affords an increase in WF.  From this set of 
experiments, it was concluded that optimal modification conditions for Magic Blue on 
ITO was to treat the surface using a high concentration for approximately 1 hour.  These 
trends were further validated with UPS as shown in 5.4.4. 
 In the case of Mo(tfa-tf)3, both immersion time and solvent were examined to 
determine if there was an influence on the final WF value and also to see how this 
particular dopant compares with Magic Blue.  The data shown in Figure 5.19 summarizes 
the comparison of modifying the surface of ITO with Mo(tfa-tf)3 using 2 mM solutions in 
either toluene or DCM for modification times of 60 s, 1 hour, and overnight.  While there 
is an increase in the WF relative to the freshly cleaned ITO substrate, neither solvent nor 
modification time appear to have a very large impact on the final WF after modification 
with differences between the smallest and largest WF shift on the order of ~ 0.1 eV.  
These WF shifts of at most 0.3 eV are relatively consistent with what was reported for 
this compound when treating graphene surfaces, where the largest WF increase reported 
was 0.5 eV.
37
  Since the WF changes with Magic Blue (upwards of ~ 0.5 eV) were larger, 




Figure 5.19 Summary of KP data for 2 mM solutions of Mo(tfa-tf)3 in solutions of 
toluene or DCM for varying amounts of time.  Data originates from the average of at 
least 5 spots on each surface with the error bar from the standard deviation of these 
measurements.  Values shown are relative to freshly cleaved HOPG and all samples were 
kept under inert atmosphere until just before measurement by KP. 
 
5.4.3 XPS Analysis of Surfaces Treated with Magic Blue 
 In order to confirm that the surface was modified with Magic Blue, XPS analysis 
was conducted comparing both 2 and 8.7 mM concentrations along with a thick film of 
the salt drop-cast on top of ITO.  A comparison of the survey spectra is shown in Figure 
5.20.  Based on the results from the n-dopants it would be anticipated that an interface 
dipole would be formed after Magic Blue accepts an electron from the surface.  Thus, the 
amine-containing portion of the salt would become a neutral amine and be readily 
washed away from the surface while the SbCl6
-
 would remain, electrostatically bound to 
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the surface.  XPS, however, indicated that both Br and Cl were present on the surface 
after modification.  An examination of the Sb 3d peak is not possible as it overlaps with 
the O 1s peak from the ITO substrate, making the two indistinguishable from one another 
(and Sb 3p peaks were weak in the thick film and overlap with Sn 3p and In 3s/Sn Auger 
peaks).  While not easily visible in the survey spectra of the ITO soaked samples, N was 
detected on the surface of ITO after treatment, but with large spot-to-spot variations due 
to its weak intensity.  Quantification of the spectra is further complicated by large 
differences in Cl/Br ratios from sample to sample making it unclear if there is a 
preference of either the amine or Sb portions of the salt to remain on the surface, or if 
there is simply a dependence regarding how well the surface has been washed after 
treatment.  Thus, in the case of this dopant, the XPS data was treated as a qualitative 
indication that the surface had been modified to corroborate KP and UPS data.  Similar to 
the case for the n-dopants, no shifts in In or Sn peak positions were observed to indicate 
that the substrate donated electrons to the dopant.  A representative comparison showing 




Figure 5.20  Comparison of survey spectra for a thick film of Magic Blue drop-cast on 
the surface of ITO, a DSC ITO sample, and ITO after treatment with low and high 
concentrations of Magic Blue for either 60 s or 1 h.  Spectra have been normalized, 





Figure 5.21  Comparison of high-resolution XPS data for the In 3d5/2 peaks of surfaces 
before and after modification with Magic Blue.  The color coded dashed lines indicate the 
position of the peak, which does not change after modification with Magic Blue.   
 
5.4.4 UPS Analysis of Surfaces Treated with Magic Blue 
 In order to confirm the KP data and provide absolute WF values, UPS analysis 
was conducted using the two extreme cases of modification, namely a short modification 
at low concentration (2 mM for 60 s) and a high concentration for a longer period of time 
(8.7 mM for 1 h).  The secondary electron edge of the UPS spectra are shown in Figure 
5.22, with a freshly DSC ITO surface for comparison and a table summarizing the 
numerical WF values.  There is a significant difference between the two modification 
conditions, which corresponds with the trend observed from the KP data.  While the WF 
increase of ~ 0.6 eV is large, it is not as large as what was observed for WF shifts on ITO 




Figure 5.22  Comparison of WF for DSC ITO treated with solutions of Magic Blue in 
DCM at either 2 mM for 60 s or 8.7 mM for 1 h (left).  The numerical values obtained 
from the average of 7 spots on each surface are also provided (right) with the error bar 
originating from the standard deviation among these spots.  Note the trend to observe a 
higher WF value for the more concentrated solution at longer modification times.  
Spectra have been normalized and the onset of the secondary electron edge is denoted by 
the color coded vertical line intersecting the x-axis. 
 
 A comparison of the VBM values before and after treatment was also examined.  
The values, along with the calculated interface dipole contribution are summarized in 
Table 5.7.  As can be seen, in the case of the more concentrated modification solution 
there was a large shift in the VBM after modification, with only a small shift for the less 
concentrated modification conditions.  Thus, while there is clearly a contribution to the 
shift in WF originating from the formation of an interface dipole, there also appears to be 
evidence for electron transfer leading to shifting of the Fermi level relative to the band 
structure (in this case meaning the Fermi level shifts without the position of the valence 
band or conduction band changing) as being a larger contributing factor to the WF shift.  
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This is in contrast to what was observed in n-doping where movement of the Fermi level 
with respect to the band structure was minimal compared with the contribution 
originating from the interface dipole. This observation may be explained because the 
density of states in ITO falls off strongly below the Fermi level, so a relatively small 
number of holes from dopants can cause a large shift in the Fermi, while at the same time 
there exist a limited number of sites available to donors and thus the interface dipole 
dominates in the case of the n-dopants.  Similar to the n-dopants, looking at the XPS data 
does not show a shift in the In peaks.   The inference that both electron transfer and 
interface dipole play roles in the WF change is similar to what was observed in the case 
of Mo(tfa-tf)3 on graphene, where the interface dipole was a smaller overall component 
of the change in WF.
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Table 5.7 Summary of VBM values for the UPS data of ITO treated with Magic Blue 
shown in Figure 5.22.  The VBM before and after surface modification are provided 
along with the changes in VBM (ΔVBM) changes in WF (ΔWF), and the interface dipole 











2 mM, 60 s 2.96 ± 0.08 2.89 ± 0.03 -0.07 +0.34 +0.27 
8.7 mM, 1 h 3.00 ± 0.08 2.56 ± 0.07 -0.44 +0.56 +0.12 
 
 As alluded to in 5.4.1 a direct comparison of treating ITO with Magic Blue under 
atmospheric conditions and under inert atmosphere was conducted using otherwise 
identical modification conditions, and the results of the changes in WF examined by 
UPS.  Table 5.8 summarizes the shifts in WF that were observed from this comparison, 
which shows that the two preparation conditions produced nearly identical results and 
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that the modified surface is stable in atmosphere for at least a few hours (KP studies 
indicated similar stability overnight, but this was not confirmed by UPS).  Thus, while 
the overall shifts in WF may not be as large as with dipolar phosphonic acids, the 
protocol is in many ways more straightforward, requiring shorter time and fewer steps 
after surface treatment, which may be advantageous for high-throughput processing. 
 
Table 5.8 Summary of UPS results showing changes in WF before and after 
modification, comparing ITO treated with a 2 mM solution of Magic Blue in DCM for 60 







2 mM, 60 s 
Inert 
4.56 ± 0.14 4.91 ± 0.04 +0.35 
2 mM, 60 s 
Ambient 
4.48 ± 0.06 4.82 ± 0.04 +0.34 
 
 
5.4.5 Summary of Results for p-Dopants 
 Electron accepting p-dopants, when used to treat the surface of a metal oxide such 
as ITO, have the ability to alter the WF of the surface.  An examination of varying 
modification conditions demonstrated for Magic Blue that solution concentration and 
immersion time do have an impact on the overall WF measured after modification, but 
that for Mo(tfa-tf)3 similar variables such as solvent or immersion time result in nearly 
identical WF changes, relative to DSC ITO.  XPS confirmed the presence of Magic Blue 
on the surface after modification, however, further studies would be required in order to 
determine which portion of the salt more favors adsorption to the surface after 
modification, and at what coverage does it adsorb.  UPS VBM shifts indicate that more 
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than just an interface dipole is responsible for the WF modification after treatment 
suggesting the possibility of electron transfer from the ITO surface to the p-dopant.  
Overall, the largest increase in WF observed with this set of materials was ~ 0.6 eV 
relative to the bare surface; that modification does not have to be performed in a glove 
box and surfaces after modification are stable for at least several hours in air. 
5.5 Conclusions 
 The goal of this chapter was to examine means other than phosphonic acid 
modification for tuning the WF of a surface, particularly for decreasing the WF of metal 
oxides, which is something that has been shown to be difficult to do when utilizing 
phosphonic acids (Chapters 3 and 4).  The purpose of the chapter was to also examine not 
only if it was possible to modify the WF of multiple surfaces (metals and metal oxides) 
with one modifier, but also provide some information as to what drives the WF 
modification.  It was shown that redox active n-type dimer materials [IrCpCp*]2, 
[RuMesCp*]2, and [RhCpCp*]2 do have the ability to greatly decrease the WF of both 
metals and metal oxides.  The WF reduction originates from the deposition of a sub-
monolayer of monomer cations on the surface of the substrate after the dimer dissociates 
and donates an electron to the surface (though there was no direct experimental evidence 
as to which material on the surface accepted the electron, but it is posited that it is 
distributed throughout the top layers of the substrate).  These cations (and the presumably 
negatively charged surface) lead to the formation of a large interface dipole, which, based 
on UPS data, is the main source for the WF decrease.  The largest WF decreases observed 
were ~ -1.6, -0.6, and -1.9 eV using [IrCpCp*]2 on ITO, ZnO, and gold, respectively.   
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 The use of redox active p-dopants also have an impact on the WF of metal oxides 
such as ITO, which was demonstrated through the use of two metal-organic species.  
Unlike in the case of the n-dopants, where changes in WF were observed within minutes 
of atmospheric exposure (though reaching a steady state that lasts for periods of at least 
12 days in air), these p-doped interfaces are stable such that processing with a material 
like Magic Blue can be conducted in air.  Analogous to the n-dopants, it can be inferred 
that the p-dopants also experience electron transfer, in this case serving as an electron 
acceptor from the substrate though experimental XPS could not confirm this hypothesis.  
Analogous to the n-dopants, the formation of an interface dipole after modification is part 
of the reason for the WF change, but unlike in the n-dopant case it is not the majority 
contribution leading to changes in WF possibly due to differences in terms of density of 
states.  The largest WF increase observed for ITO after treatment was ~ 0.6 eV using 
Magic Blue. 
 As expected, based on the similar effective redox potentials for the dimers, similar 
WF values were attained after treatment.  When the dimers were compared with a 
material such as TDAE, however, noticeable differences in WF changes were observed.  
In the case of p-dopants, a difference in reduction potential did appear to have a larger 
influence on the material’s ability to increase the WF as both Magic Blue and Mo(tfa-tf)3, 
which have different reduction potentials afforded relatively different WF changes. 
 Overall, the redox active materials examined in this chapter along with other 
surface modifiers such as phosphonic acids, thiols, and carboxylic acids provide the 
opportunity to have a wide variety of materials available for WF tuning.  Redox active 
dopants are attractive from the standpoint that they are more surface agnostic than other 
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modifiers which have specific chemical reactions that occur between the substrate and 
binding group.  The tradeoff may come in the overall stability of the surface after 
modification as covalently bound modifiers are extremely stable on the surface.  In order 
to address this issue of stability further investigations of the n- and p-doped surfaces after 
modification and subsequent processing would still need to be explored. 
5.6 Experimental 
5.6.1 Materials 
 Magic Blue and TDAE were purchased from Sigma-Aldrich.  Magic Blue was 
used without further purification, while TDAE was distilled and sparged with nitrogen 
prior to transfer into the glove box.  Toluene and dichloromethane (VWR) were dried by 
distillation over calcium hydride and subsequently freeze-pump-thawed 3 times in order 









 have been previously 
reported and was conducted by Swagat Mohapatra, Jared Delcamp, and Yadong Zhang.  
The reducing power of the monomers and the oxidative stability of the dimers was 
examined through cyclic voltammetry analysis measured in THF, 0.1 M n-Bu4NPF6, at a 
scan rate of 100 mV/sec, with ferrocene as an internal standard. 
5.6.2  Surface Preparation, Cleaning, and Modification 
 Commercially available ITO substrates (Eagle-XG, Thin Film Devices, Anaheim, 
CA) were purchased and found to have a surface roughness of 0.7-0.8 nm rms as 
measured with AFM.  The ITO was cut into 15 mm × 15 mm substrates which were then 
scrubbed and subsequently sonicated for 10 min with a 5 % solution of Micro-90 
detergent in DI water, sonicated in DI water for 10 min, sonicated in ethanol for 10 min, 
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rinsed with ethanol, and dried under a flow of nitrogen to afford DSC ITO samples.  
Plasma treated ITO surfaces were treated using oxygen plasma with a Plasma-Preen II 
(100 % Power, Plasmatic Systems, Inc., North Brunswick, NJ) for 5 min.   
 ZnO substrates were prepared by cleaning 1 in. × 1 in.  glass microscope slides in 
the same manner as reported for ITO followed by oxygen plasma cleaning.  Immediately 
after oxygen plasma samples were loaded into the atomic layer deposition system 
(Cambridge NanoTech, Savannah 100) and 30 nm of ZnO was deposited.  These larger 
surfaces were then cut into 15 mm × 15 mm prior to use, rinsed with ethanol, and dried 
under a flow of nitrogen. 
 Commercially available Glass:Ti:Gold slides (EMF Corporation, Ithaca, NY) 
were cut into 15 mm × 15 mm surfaces.  These surfaces were sonicated for 10 min in 
ethanol, rinsed with ethanol, and dried under a flow of nitrogen.  Surfaces were then 
cleaned by immersion in a Piranha solution for 30 minutes (3:1 sulfuric acid:30 %  
hydrogen peroxide), rinsing with DI water followed by immersion in DI water for 20 
minutes, washing with water, followed by ethanol, and drying under a flow of nitrogen.  
 In all cases, samples were immediately transferred to the XPS/UPS for analysis 
upon completion of the cleaning protocol.  After analysis of the substrate, surfaces were 
transferred to a nitrogen filled glove box (< 0.1 ppm water and < 0.5 ppm oxygen) using 
a Kratos air-sensitive transporter 39-322 that couples with the transfer chamber of the 
Kratos Axis Ultra
DLD
 XPS/UPS under a positive pressure of nitrogen.  After entry into 
the glove box samples were then treated with the solutions of n- and p-dopants as noted 
in the text (typically 2 mM except for Magic Blue which used concentrations of 0.5, 2, 
and 8.7 mM in solutions of either toluene or, in the case of Magic Blue, 
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dichloromethane).  Samples were then rinsed three times with fresh solvent (toluene or 
dichloromethane), dried with a flow of nitrogen, and transferred under inert atmosphere 
to either the XPS/UPS or Kelvin Probe for analysis.  In the case of Magic Blue samples 
that were prepared in atmosphere, all processing protocols were the same except for 
conducting the modification outside of the glove box.  In the case of thick films for 
[IrCpCp*]2 and Magic Blue concentrated solutions in either toluene or dichloromethane 
were made and then drop-cast on the surface of ITO. 
5.6.3 Surface Characterization 
5.6.3.1 XPS and UPS Measurements 
  All measurements were conducted in a combined XPS-UPS Kratos Axis Ultra 
with an average base pressure of 10
-9
 Torr.  UPS was acquired prior to acquisition of XPS 
for all samples.  UPS spectra were obtained with a 21.2 eV He (I) excitation and a pass 
energy of 5 eV using a 27 µm spot size.  Each sample was examined in at least 7 spots to 
ensure consistency over the entire surface and the spectrometer was calibrated using a 
sputter cleaned silver sample.  XPS data were collected with a monochromatic Al Kα 
source (300 W) using a 400 µm spot size and a pass energy of 160 eV for survey 
acquisition and 20 eV for high resolution spectra.  Exposure of the surfaces to X-rays was 
kept to a minimum (ca. 45 min), and spectra were acquired in three spots on each surface.  
Most characterizations were performed at normal takeoff angle (0°) except when noted 
for angle resolved analysis which was conducted at a takeoff angle of 70°.  XPS data for 
drop-cast films of the dopants required the use of charge neutralization and UPS data 
could not be directly collected on such thick films.  Data was analyzed using Vision 
Processing version 2.2.8. 
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5.6.3.2 Kelvin Probe 
 Kelvin Probe analysis (Besocke Delta Phi) of surfaces was conducted in air with a 
probe diameter of approximately 3 mm.  Samples analyzed by KP were cut to be 1 in. × 1 
in. so that 5 data points could be collected on each surface.  Average values and standard 
deviations were generated from these multiple spots.  Highly ordered pyrolytic graphite, 
freshly cleaved using the Scotch tape method, was used (typical WF of 4.5 eV) at the 
beginning and end of each set of measurements as well as periodically every 2 – 4 
samples analyzed to account for any instrumental drift. 
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CONCLUSIONS AND OUTLOOK 
 
 
 This thesis has focused on the use of two distinct, but related methods for surface 
modification to tune the electronic properties of transparent conducting oxides, 
particularly ITO and ZnO.  One method is based on the chemisorption of phosphonic 
acids to the surface of the substrate (Chapters 3 and 4), which, by virtue of the dipole 
inherent within the molecule, induces a dipole at the interface of the substrate thereby 
altering the WF of the material that is being modified.  In the other approach in which 
dopants are used to treat these TCOs (Chapter 5), an interface dipole is formed from the 
electrostatic adsorption of charged species on the substrate, presumably by electron 
transfer taking place between the dopant and the TCO surface.   In both cases (based on 
XPS measurements of modified ITO) a sub-monolayer of material at the surface can be 
responsible for drastic WF changes.  Phosphonic acids can increase the WF of ITO to 5.4 
eV (starting from ~ 4.5 eV) and that of ZnO to 4.5 eV (starting from ~ 3.9 eV), and in the 
case of metal-organic dopants, can decrease the WF of both ITO and ZnO to 
approximately 3.3 eV. 
 Chapter 2 discussed the synthesis of various surface modifiers, in particular 
phosphonic acids, and is representative of the wide variety of functionalities that can be 
placed on a surface through the incorporation of a phosphonic acid binding group.  The 
summary of literature phosphonic acids provided in Chapters 3 and 4 that have been used 
to modify the surfaces of ITO and ZnO show (coupled with the synthetic section of this 
thesis, Chapter 2) that materials from simple alkyl tails to more complicated fullerene and 
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perylene diimide molecules can be made typically in a straightforward manner and on 
relatively large scales.  In an effort to better illustrate both the variety of phosphonic acids 
that have been used as well as the surfaces which have been modified in this manner data 
from molecules synthesized in the Marder group and subsequently used by various 
collaborators (Georgia Tech, the University of Arizona, the University of Washington, 
National Renewable Energy Laboratory, and Princeton) has been summarized in Figure 
6.1 (with the dashed lines representing the WF of the bare substrate).  The data for this 
figure originates from a variety of measurement techniques including KP, UPS, and 
LIXPS.  For the sake of clarity, for a single metal oxide where multiple measurement 
techniques were used the most representative value is shown, but typically from 
technique to technique small deviations in WF were measured (usually less than 0.3 eV).  
Thus, this shows that not only can phosphonic acids tune the WF of a wide variety of 





Figure 6.1  Compilation of work function data for phosphonic acids synthesized in the 
Marder group and used at a variety of institutions for the modification of multiple metal 
oxide surfaces.  Data presented is a compilation of KP, UPS, and LIXPS WF 
measurements with the most representative value shown for phosphonic acids on a given 
metal oxide measured using multiple techniques.  The data shown here originates from a 
variety of sources including this thesis, unpublished results by this author, and published 
sources as well.
1-10
  Note that the dashed lines represent the WF of the bare substrate. 
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 In the case of phosphonic acids on ITO, it appears that ordering is a factor that 
needs to be considered for optimizing modification conditions on this substrate.  As was 
shown in Chapter 3, nearly all the benzyl phosphonic acids examined afforded molecular 
orientations that (based on NEXAFS measurements) could not be readily determined, and 
are thus likely a mixture of orientations leading to disordered surfaces.  It would be 
interesting to follow up on recently published work demonstrating that phosphonic acids 
afford higher quality monolayers when deposited under high-temperature modification 
conditions,
11
 and conduct studies using NEXAFS and PM-IRRAS to compare with 
results discussed in Chapter 3.  It is likely that the enhanced quality of the monolayers 
formed at high temperatures originates from better overall packing, which presumably 
originates from more ordering at the surface.  Being able to provide empirical evidence 
that such well-ordered monolayers form would be beneficial to the scientific community 
as it would provide a set of modification conditions for phosphonic acids on ITO that 
would be easy to reproduce from laboratory to laboratory (on a time scale of several 
hours).  Such information would also be able to better inform the design of future benzyl 
phosphonic acids in such a way that additional substituents/steric bulk could be used to 
enhance the orientation of the interface dipole, potentially leading to even larger changes 
in WF. 
 While ITO appears to have questions related to molecular orientation, it appears 
that the stability of the underlying ZnO when conducting phosphonic acid modification 
needs further examination.  As shown in Chapter 4, the ZnO substrate is readily etched 
by phosphonic acid surface modifiers and in many cases reproducible WF values were 
much more difficult to attain for this metal oxide in comparison with ITO.  To further 
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probe the ZnO stability to phosphonic acid modification, a direct comparison using 
phosphonic acids which show a propensity to etch the surface of ALD ZnO (for instance 
2,6-F2BPA and 3,4,5-F3BPA) should be tested on ZnO deposited by multiple techniques 
(such as ALD, RF-Magnetron, and sol-gel deposited) thereby examining whether the 
roughness of the ZnO surface or the preferred orientation impacts the etching effects of 
the phosphonic acid (the exposed crystal face has been shown to be a factor in etching 
under acidic and basic conditions)
12-14
 as no direct correlation between acidity and 
etching ability was found in Chapter 4.  Furthermore, it would be important to re-examine 
some of the alkyl phosphonic acids previously deposited on RF-Magnetron prepared 
ZnO
15
 (where etching of the ZnO was not observed) on ALD ZnO looking not only at 
etching, but also IRRAS to examine if any differences in the predominately exposed 




 respectively) leads to differences in binding.  
One other important comparison that should be conducted in the future is to further probe 
the possibility of spin-coating phosphonic acids on ZnO.  Based on current results 
differences exist between WF values obtained for the same benzyl phosphonic (2,6-
F2BPA) acid spin-coated on  ALD ZnO (3.8 eV) and sol-gel deposited ZnO (3.4 eV).
18
  
It remains to be determined if these differences are attributable to the differences in 
reactivity of ALD ZnO and sol-gel ZnO. 
 Generally, being able to tune the WF of substrates either up or down in energy is 
an interesting scientific endeavor in its own right, when put in the context of organic 
optoelectronic devices, the significance of surface modification of metal oxides is readily 
highlighted.  Interest in this field has been rapidly increasing over the last several 
decades
19
 due to the potential for high-throughput manufacturing of flexible, lightweight, 
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and low-cost devices such as light-emitting diodes, photovoltaics, and transistors.  There 
are multiple factors that determine overall efficiency within devices, such as the 
properties of electrodes and organic active layers, but also of crucial importance is the 
interface between these two disparate materials.  Having the ability to compatibilize the 
inorganic electrode with the organic overlayer (both physically and electronically) aids in 
minimizing the barriers to injection/collection of carriers within organic optoelectronic 
devices.   In the case of phosphonic acids on ITO
3, 6, 20-22
 (and to some extent ZnO as 
well)
18
 exploration of the utility of these surface modifiers has already begun, with these 
modifiers being found to simultaneously enhance wetting of the active layer on the ITO 
substrate and to minimize energetic barriers to the movement of carriers into or out of the 
device.   
 In the case of the doping approach, some of the surfaces modified this way that 
had previously been examined in the literature (Chapter 5), have been found to decrease 
electron injection barriers in devices such as OLEDs.
23
  For n- and p-dopants used in this 
thesis, however, no device studies have been performed, and is the next step to take in the 
examination of these particular modifiers.  For instance, making simple electron-only 
sandwich device structures consisting of a top electrode and electron transport material 




] is the monomer cation deposited on 
the surface from the solution of the dimers investigated in Chapter 5; [IrCpCp*]2, 
[RuMesCp*]2, and [RhCpCp*]2) in a manner similar to that used to investigate TDAE on 
ITO
23
  would allow for a determination of electron injection efficiency from the ITO. The 
electron transporting layer could be varied so that materials having electron affinities 
greater than or less than the WF of the surface after modification could be examined.  
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Furthermore, it would be important to compare the dimers with other methods of 
lowering the WF of ITO such as TDAE, or polytheylenimine ethoxylated (PEIE), which 
is a polymer material processed from aqueous solutions that has recently been 
demonstrated to decrease the WF of a variety of substrates.
24
  Verification that the 
monomer cations present on the surface (as confirmed by XPS analysis in Chapter 5) do 
reduce the electron injection barrier and are not detrimental to the flow of electrons into 
the device would validate the usefulness of the technique beyond the spectroscopic 
studies conducted thus far. 
 Assuming the dopants do indeed decrease the barrier to electron injection, as 
would be expected from the WFs of the modified surfaces, and produce results similar to 
the TDAE and PEIE control devices, several more questions can then be addressed.  This 
can include examination of the ITO substrate after the device preparation by removing 
the top electrode and active layer to see if a layer of monomer cations is still present, or if 
there was migration of these charged species into the active layer.  Investigation of 
whether the dimer treated ITO surface observes any differences in long term stability 
under applied current, or if there are differences in device performance based on 
processing conditions (i.e. does the low WF surface remain after treatment with a variety 
of solvents) could also be conducted.  Another interesting question to test would be to see 
how much air exposure of the dimer treated ITO impacts overall device performance to 
probe the influence the WF increase after air exposure has on the device.  The question of 
air exposure can also be coupled with testing whether or not it is possible to perform the 
surface modification in ambient conditions rather than inside of a glove box since both 
the starting dimer and resultant monomer cation are relatively air-stable, and would thus 
331 
 
test if the WF of ~ 4 eV is still achieved (similar to the WF for glove box modified then 
air exposed ITO). 
 Interestingly, this thesis has afforded insight that phosphonic acid modification 
and doping of surfaces should not be treated as mutually exclusive means of modifying a 
substrate, but rather as methods that should complement one another depending on the 
needs of the application.  As was demonstrated when examining ITO using these two 
techniques (Chapters 3 and 5) phosphonic acids have the advantage of being able to 
increase the WF more so than the p-dopants examined to date, and alternatively, n-
dopants can decrease the WF of ITO to a much greater extent than the phosphonic acids 
examined so far.  The reason for these differences may come from the nature of the 
modifier coupled with the density of states in ITO.  In the case of phosphonic acids, WF 
decreases may not be as readily possible to achieve because of the bond dipole that 
forms.  When modifiers that increase the WF are deposited on the surface of ITO, the 
bond dipole and molecular dipole are typically additive, thereby leading to large changes 
in WF.  When the modifiers have a molecular dipole designed to decrease the WF, 
however, the bond dipole opposes the molecular dipole, thus negating some of its 
magnitude and making WF decreases harder to achieve.  In the case of the dopants, the 
ability to tune the WF is likely related to the density of states as ITO is a n-doped 
semiconductor that has its Fermi level inside of the conduction band
25
 in the bulk and 
right below the conduction band at the surface.  Thus, it is relatively easy to have a large 
number of electrons be accepted by the ITO and allow for a large number of monomer 
cations to electrostatically bind to the surface of the substrate leading to a large interface 
dipole.  For p-dopants, however, the density of states likely falls off rather sharply below 
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the Fermi level and so ITO cannot readily donate a large number of electrons to the 
dopant, which means that relatively few anionic species can be electrostatically bound to 
the surface, and that any electrons ITO does donate can greatly change the position of the 
Fermi level.  This hypothesis is corroborated by the UPS data from Chapter 5, which 
demonstrated that in the case of p-dopants a shift in the VBM (meaning a Fermi level 
shift relative to the band structure) has more of an impact on the WF than the interface 
dipole.  It would be interesting to examine the same n- and p-dopants on a surface such as 
NiO1+δ, which is p-type by virtue of its defects, meaning that if the previous hypothesis is 
true, the impact of n- and p-dopants would be reversed, and a WF increase would be 
more readily accessible than a WF decrease.  Moreover, the bond dipole and molecular 
dipole oppose one another in the case of phosphonic acids designed to decrease the WF 
on ZnO and ITO; this is not necessarily the case for all oxides, where different binding 
modes and surface chemistries might give rise to opposite bond dipoles.  
 Overall, this thesis sought to examine methods by which the WF of a variety of 
surfaces (in particular ITO and ZnO) can be modified.  In the case of phosphonic acids on 
ITO, the goal was to provide a systematic study demonstrating the relationship that exists 
between the molecular dipole, the coverage of the modifier on the surface, and the 
molecular orientation once bound to the substrate.  A clear relationship was demonstrated 
between molecular dipole and coverage; however, analysis of the orientation of the 
molecules on the surface was complicated due to rotational degrees of freedom present 
within benzylphosphonic acids.  It was then demonstrated that the modification of ZnO is 
less straightforward compared to its ITO counterpart, with issues of etching and variable 
results consequently being present for this metal oxide.  Progress was made, however, to 
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indicate that phosphonic acid modification of ZnO benefits from lower concentration and 
shorter modification times in order to mitigate etching of the underlying substrate.  The 
study also demonstrated that, just like on ITO, decreasing the WF with these types of 
modifiers is more problematic than originally anticipated and that both ITO and ZnO see 
similar shifts in WF (relative to their respective bare WF values) when the same 
phosphonic acids are used to treat the substrates.  While this thesis has demonstrated the 
versatility of two related methods for altering the WF of metals and metal oxides, more 
work is still required to examine the limits of the techniques shown, determine how 
generally applicable these methods are to other substrates (particularly in the case of the 
dopants) and determine the real utility of the materials for use in device architectures.  It 
is the hope of this author that the work provided  herein can be utilized in future device 
studies as both methods discussed are straightforward ways by which to increase or 
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A.1  Overview of Thermochemical Nanolithography 
 Having the ability to control the patterning of a surface on the nanometer scale is 
an interesting challenge due to the number of fields to which the patterning of the surface 









, and inorganic chemistry.
11-13
 There are 
several methods that have currently been developed for generating patterned surfaces at 
this time that are based on the use of scanning probe microscopy, particularly the atomic 
force microscope (AFM).
14-17
 Many of the methods that have been used are based on the 
principle of deforming the surface wherein topographical changes to the surface are 
exploited by removing material from the surface for subsequent deposition in the 
negative region, performing crosslinking at the surface, or using the buildup of polymer 
caused by the depression of the AFM tip into the surface.
7
  Dip-pen nanolithography 
(DPN) is also a promising method for the patterning of surfaces due to its ability to place 
molecules on the surface in a positive writing mode.
18
  Another interesting method that 
exists is to utilize an electrical bias applied through an AFM (AFM-assisted electrostatic 
lithography) tip in order to cause changes in the z direction of the polymer.
6, 19
  It is even 
possible to simply utilize the surface contact of the AFM tip to remove material from the 
surface by mechanically plowing through the surface and this can be combined with 
heating for thermomechanical nanolithography.
20-22
  As with all nanoscale methods, 
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inherent issues remain with the overall speed and in some cases the parallelization of the 
process. 
 Research in the Marder group (in collaboration with Elisa Riedo’s and Jennifer 
Curtis’ groups) has also focused on the use of AFM techniques to perform surface 
patterning by incorporating the ability to heat an AFM tip with chemical reactions 
(namely deprotections) that occur at higher temperatures.  This method has been termed 
thermochemical nanolithography (TCNL) and has resulted in several publications both 
completed and in progress.
23-26
  This particular system was chosen since it has the ability 
to truly control surface changes at the nanometer scale (currently demonstrated down to 
12 nm), can have writing speeds that are fast (ideally on the order of centimeters per 
second), does not require physically deforming the surface in order for the modification 
to occur, and can function under a variety of environmental conditions which would 
enhance its overall versatility in a wide variety of research settings.  The methodology 
used relies on utilizing resistively heated AFM tips, which solves the problem of dip-pen 
nanolithography which is limited by mass transfer, since TCNL is limited only by heat 
transfer and generally it is accepted that heat transfer can occur on a scale much faster 
than mass transfer.  Modeling of  such heat transfer has currently been examined for the 
tips used during the process.
27
 This heating of the surface is truly only half of the method 
since the other half of patterning the surface relies on the ability to perform chemical 
reactions selectively on the surface.  In cases that have been studied in the group thus far, 
this has included the deprotection of a reactive group within a patterned region.  This 
exposes a chemically reactive group, which can be utilized for further selective chemistry 
or selective deposition at the surface.  Much of the work that has been conducted thus far 
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has focused on the use of polymers for the patterning of surfaces, the general scheme of 
which is shown in Figure A.1.  Recent examples of TCNL have demonstrated the ability 
to form gradients on the surface of a substrate, enabling extremely complex patterns as 
shown in Figure A.2, as well as parallelization of the protocol.    
 
 
Figure A.1  Schematic representation of thermochemical nanolithography using a 
polymer containing a THP carbamate protecting group.  The resistively heated AFM tip 
serves to perform the desired chemical deprotection, which exposes the desired 
functionality on the surface (in this case a primary amine) so that other materials (such as 
nanoparticles, small molecules, cells, etc.) can be attached at these newly formed binding 
sites.  Note that the use of the chlorosilane benzophenone is to form a covalent linkage 





Figure A.2  Complex patterns generated using TCNL in the case of (a) (left) the original 
image of the Mona Lisa is shown with the experimental rendition (right) of the same 
image reproduced at a size of ~32 µm through the use of TCNL and subsequent binding 
of NHS-DyLight 633 to the surface. (b) (Left) Original image by Ansel Adams entitled 
“Rose and Driftwood” and the TCNL reproduction of the image (right).  In both cases the 
scale bar is 10 µm.  Image has been reproduced from the literature.
25 
 
A.2 Selection of Protecting Group for Monolayer Based TCNL 
 While the polymer based system has clearly been proven to work, some issues 
such as non-specific binding of materials to the polymer surface have remained.  Thus, in 
an effort to provide for the same functionality on the surface, while minimizing the 
problems inherent to the use of a polymer, monolayers were chosen to be examined for 
TCNL applications.  There exists literature precedence for the use of monolayers for 
patterning via other SPM techniques such as electrochemical deprotection.
28
  This 
methodology involved the use of a α,α-dimethyl-3,5-dimethoxybenzyloxycarbonyl 
(DDZ) protecting group.  The molecule in question as well as the overall scheme of the 
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electrochemical deprotection is outlined in Figure A.3.  It should be noted that the DDZ 
protecting group has been used as a photocleavable amine-protecting group in the 
literature
29
 as well as a photobase generator in lithography (deep UV absorption).
30
  
Another interesting point to note about the structure shown in Figure A.3 is that it has 
been previously reported in the literature,
31
 and the proposed mechanism for deprotection 
(determined through irradiation in solution and in solid state)
30
 is the same as that shown 




Figure A.3 Structure of monolayer for surface modification (top) and schematic of 
surface deprotection through the use of an AFM tip and applied bias (bottom).  The 
molecule undergoes a heterolytic bond cleaveage (a) followed by the release of carbon 
dioxide and 3,5-dimethoxy-α-methylstyrene (b), which yields a primary amine.  Image 





A.3 Thermal Deprotection of the DDZ Protecting Group 
 The structure of the silane surface modifier and the expected products from a 
thermal decomposition are summarized in Figure A.4. The characterization of other 
carbamate based materials has been discussed previously in the literature and indicates 
that there are several possibilities for the thermal decomposition of the material.
32-35
 After 
synthesis, pyrolysis of the material through thermogravimetric analysis coupled with 
mass spectrometry (TGA-MS) was used to demonstrate the production of CO2 gas upon 
heating, which would be indicative of the deprotection event taking place (Figure A.5). 




C NMR examining varying 
temperatures between 130 °C and 200 °C, at which point the deprotection was observed 
with the simultaneous formation of the expected alcohol and alkene side products from 
Figure A.4.    
 
 
Figure A.4  Structure of silane utilized throughout the monolayer TCNL studies (DDzSi) 




Figure A.5  TGA under inert atmosphere (blue trace) of DDzSi overlaid with the 
derivative TGA graph (green trace). The detector intensity of the mass spectrometer (red 
trace) is for CO2 and corresponds well with the derivative TGA. 
 
A.4 1H NMR Analysis of DDz Deprotection via Heating 
 As another method to corroborate the TGA data and show the formation of the 
decomposition products as a function of time, an experiment was setup wherein 
approximately 100 mg of the DDz Si was heated in the bulk.  This was done without any 
solvent in a Claisen flask while monitoring the temperature of both the oil bath as well as 
the temperature within the flask.  Four data points were collected at internal flask 
temperatures of 130, 153, 170, and 200 °C allowing each to remain at temperature for 
approximately 8-10 minutes.  The comparison of the 
1
H NMR spectra for these 




Figure A.6 Comparison of 
1
H NMR spectra for heating of DDz Si at various temperatures 
as indicated below the figure.  Note the inset shows the aromatic region of the spectrum 
(top) and the alkyl region (bottom).  All spectra were obtained on a Varian 400 MHz 
NMR in CDCl3 utilizing the residual solvent peak for reference at 7.26 ppm. 
 
 The most apparent information obtained from this spectrum is that there is very 
little difference between the room temperature spectrum and those obtained at 130, 153, 
and 170 °C.  Yet, at 200 °C there is a marked difference apparent in both the aromatic 
and aliphatic regions of the spectrum.  Of particular note is the appearance of two new 
sets of aromatic peaks, a doublet at 6.61 and a triplet at 6.40 ppm as well as a doublet at 
6.65 and triplet at 6.35 ppm.  An enlargement of this region for the 200 °C sample is 
provided in Figure A.7. Note that there is the presence of three distinct sets of peaks 
which correspond to three different molecules.  Also note that these molecules appear to 
be in a 1:1:0.13 ratio (based on the aromatic doublet) of DDz protected 
silane:alkene:starting alcohol.  Therefore, two distinct conclusions can be drawn from 
this information.  The first being that the deprotection appears to be successful based on 
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this data since the expected alkene decomposition product was successfully trapped.  The 
data also indicates that there is a slight amount of the reaction going to reform the starting 
isocyanate as evidenced by the formation of the initial alcohol.  Various literature reports 
have examined the thermal decomposition of carbamates and have indicated that one of 




Figure A.7 Enlarged aromatic 
1
H region for 200 °C DDz Si sample. 
 
 Further examination of the 
1
H NMR spectra provides insight into the pyrolysis of 
the sample.  In Figure A.8 the major changes between the silane at room temperature and 
after heating to 200 °C can be readily seen. As previously noted, the presence of the 





  The shifts that are highlighted and correspond to the starting alcohol is based 
on spectra that was collected of the starting material in CDCl3.  Unfortunately, due to 
overlap with the starting material the peak at 1.7 cannot be resolved, but the peak at 
approximately 1.5 ppm is readily observed.  The most interesting item to note from these 
overlaid spectra is the presence of a triplet at approximately 2.7 ppm.  This peak is 
consistent with a literature report for the silane amine.
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Figure A.8 Overlay of 
1
H NMR spectra of DDz Si at room temperature (blue) and heated 
to 200 °C (red).  The peaks of interest are highlighted with the color corresponding to the 
molecule provided in the image. 
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A.5 13C NMR Analysis of DDz Deprotection via Heating 
 In a manner similar to that conducted for the monitoring of heating by 1H NMR, 
13C NMR was also used to monitor the bulk heating for the thermal deprotection of the 
DDz protecting group.  The comparison of the 
13
C spectra before and after heating at 200 
°C for 8-10 minutes are shown in Figure A.9 along with color-coded peak assignments. 
Overall, this data corroborates what was observed for the 
1
H NMR data.  Also of note is 
the presence of some peaks for the starting alcohol, the desired amine, and the starting 
isocyanate as well. It should be noted that not all peaks are present for these molecules, 
likely due to concentration issues and that the peak present for the isocyanate is not 
enough direct evidence without repeating the experiment and ensuring that the reaction 
goes to completion.  Otherwise, the data supports the previous analysis and thus there is 







C NMR comparison of DDz Si at room temperature (top) and after heating 
to 200 °C for 8-10 minutes.  The peak assignments are based on literature values for the 
molecules in question. 
 
A.6 Analysis of Surface Bound DDz Deprotection 
A.6.1 IRRAS Analysis 
 The IR spectrum for the DDz Si had been collected (by KBr pellet), which 
matched the literature report.
28
  In order to perform the grazing angle IR experiment the 
blank reference (Glass:Ti:Au:SiOx) was used as a background and 2000 scans were 
collected.  A comparison of these two sets of data can be found in Figure A.10.  The 
data indicates successful modification of the surface as well.  Note that the carbonyl and 
aromatic stretches are readily observed (although it appears that the carbonyl has a slight 
shoulder).  Also Si-O bonds are observed on the surface as well, similar to those observed 
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in the bulk.  What is somewhat concerning, however, is the absence/low signal from the 
C-H stretching.  It would be expected as there are both methylene and methyl groups 
within the molecule that these stretches should be readily apparent, and have been 
observed for the modification of surfaces with phosphonic acids.  Yet, in this spectrum, 
the low intensity could indicate a low coverage on the surface, which would be 
corroborated by the relatively low intensity of the other signals within the spectrum (for 
instance the intensity of the carbonyl is 9.84×10
-4
 which is rather low even for a 
“monolayer”).  Another possible explanation for the absence of these spectral features 
could be contamination of the unmodified surface.  The carbonaceous contamination on 
the surface could have been enough to cancel any C-H stretching that had been observed 
and give rise to the collected data.  In either case, it appears that the surface is not well 
covered and that subsequent experiments should involve the hydroxylation of the surface 
prior to the modification.  This should enhance the ability of the silane to bind, resulting 
in increased coverage, and should provide for better analysis in the future from both 




Figure A.10  Comparison of KBr pellet of DDz Si and IRRAS spectrum of the modified 
Glass:Ti:Au:SiOx:Silane surface.  Note that the IRRAS spectrum was obtained utilizing 
2000 scans, reference to an unmodified substrate, water was subtracted from the 
spectrum, and the baseline corrected. 
 
A.6.2 Surface Deprotection and Binding 
 The silane was examined in the bulk on glass slides through the use of multiple 
methods including contact angle, XPS, IRRAS and UV-Vis spectroscopy. In the case of 
analysis by UV-Vis, fluorescein isothiocyante (FITC) was bound to the surface after 
deprotection and the intensity monitored as a function of time in a 200 °C oven. As a 
control, surfaces were also modified with aminopropyl triethoxy silane (APTES) since 
this would mimic the surface after a complete deprotection event. A summary of the 
experimental scheme and experimental UV-Vis evidence is shown in Figure A.11. The 
data showed the inability of FITC to bind to the surface of a DDzSi modified sample that 
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had not been heated. Upon heating at 200 °C for 10 minutes, however, the characteristic 
absorption of FITC was observed, which decreased with increasing amount of time at 
high temperature. The APTES control sample shows absorbance that also decreased with 
increasing time at 200 °C. Contact angle was in good agreement with the UV-Vis data 
and showed hydrophobic (DDz protected) surfaces becoming more hydrophilic after 
heating and returning to hydrophobic after treatment with FITC. IRRAS corroborated the 
deprotection event as evidenced by the disappearance of the carbonyl peak from the DDz 
protecting group upon heating. Through this combination of techniques it appeared that 















Figure A.11  (Top) Experimental scheme for examining the deprotection of DDzSi on the 
surface of a glass slide. APTES modified surface served as the control, and the structure 
of FITC after attachment to the surface bound amine is shown. (center) Absorbance as a 
function of the amount of time DDzSi modified and FITC treated slides were heated. 
Note the lack of signal without heating and the decrease with extended heating. (Bottom, 
right) Absorbance of APTES modified and FITC treated slides as a control. 
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A.7 Attempts at TCNL Patterning of DDz Si 
 Based on the evidence shown in A.3 the DDzSi molecule appeared to be a good 
candidate for patterning with a thermal cantilever. Patterning and indirectly observing the 
chemical deprotection (through lateral force microscopy (LFM) or staining with a 
fluorescent dye) proved to be challenging. Initial results (Figure A.12) were promising 
and a pattern of triangles made at varying heater temperatures became readily visible in 
the LFM, but appeared to spread with increasing tip temperature. Further attempts at 
patterning were highly variable in terms of results, going from images similar to that in 
Figure A.12 to not being able to observe any measurable signs of successful patterning. 
Another promising example was patterning the surface to selectively bind a protein, 
streptavidin. AFM contact and tapping mode images along with the programmed patterns 
are shown in Figure A.13.  While a friction change was noted, no change in the phase 
image was observed and thus it is unclear if the desired deprotection and binding took 





    
Figure A.12 Topography and phase images before (left) and after (right) patterning using 
the template shown at right. Note that triangles appear to form at lower voltages and at 
higher voltages, but is more spread out after patterning at higher voltages. The scales are 



















Figure A.13 (Top) Contact and tapping mode AFM images after patterning of a DDzSi 
modified silica sample with streptavidin. Shapes are visible in the friction image above 
approximately 14 V, which may be indicative of the onset of deprotection. The phase 
image, however, does not corroborate the friction image if streptavidin had bound to the 
patterned areas. (Bottom) Desired patterns programmed to vary tip temperature at the 
surface. 
 
 Due to the variable nature of the patterning electrochemical deprotection with an 
AFM tip as reported in the literature
28
 was attempted and verified through the use of a 
fluorescent dye. Multiple substrates on which to deposit the silane were attempted such as 
glass, silica and silicon, but no exceptionally conclusive evidence was obtained that 
pointed to localized chemical deprotection by TCNL. Thus, while the material appears to 
work well in the bulk, it does not appear to work as well when selectively heated with the 
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AFM tip. This could be due to multiple factors such as physical desorption of the 
modifier due to the heat combined with the mechanical force of the cantilever on the 
surface or the thermal conductivity of the substrate. At this time it is unclear if monolayer 
TCNL is a viable alternative to polymer based methods. 
A.8 Conclusions 
 This chapter demonstrated that thermal deprotection of the DDz protecting group 
is possible at approximately 200 °C based on analysis by TGA-MS with additional NMR 
analysis.  When bound to the surface, which was confirmed by XPS analysis, and heated 
in the bulk the protecting group appears to cleave.  Indirectly, this cleavage was 
demonstrated through the heating and subsequent binding of a fluorescently labelled dye 
with corroborating evidence originating from contact angle analysis, IRRAS, and UV-
Vis.  However, attempts to pattern the protected amine and selectively form primary 
amine sites on the surface of the substrate proved to be problematic and it is currently 
unclear whether an actual deprotection event is taking place due to localized heating with 
the AFM cantilever.  There are several possible explanations for this difficulty.  It is 
possible that the combination of heat and force from the AFM cantilever is causing the 
monolayer to cleave off the surface rather than deprotecting, it is also possible that the 
physical contact between the cantilever and the surface is desorbing the molecule while 
patterning.  It is also possible that the selection of substrate (both glass and silicon wafers 
were used) greatly impacts the ability of the surface to either dissipate or confine heat.  
Overall, there is some promise in the basic principle of the technique based on bulk 
studies, however the problems that arose when attempting to pattern the substrate cannot 
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be understated and further research (potentially even with a different protecting group) is 
needed in order to better determine the viability of monolayer based TCNL. 
A.9 Experimental 
A.9.1  Materials 
 Synthesis of the DDz silane was conducted as discussed in Chapter 2.  FITC was 
purchased from Sigma Aldrich and used without further purification. 
A.9.2 Surface Treatment 
 Under inert atmosphere, freshly Piranha cleaned glass, silicon, or silica substrates 
were immersed in a 10 mM solution of the silane in anhydrous toluene.  Typically in the 
case of DDzSi the reaction was allowed to occur overnight.  In the case of APTES the 
surface was allowed to modify for several hours.  In both cases upon removal from 
solution the surface was washed with toluene and immediately used in subsequent steps. 
A.9.3 IRRAS 
 IRRAS spectroscopy was conducted in the same manner as reported in Chapter 4. 
A.9.4 TGA-MS 
 TGA-MS was carried out using a TA Q500 TGA coupled to a quadrapole mass 
spectrometer.  Samples were loaded into a TGA pan (Seiko 2.0mm Al pans, P/N 
SSC000E030) and allowed to purge under nitrogen for approximately 30 minutes prior to 
the start of the run.  Samples were heated at a constant ramp rate from room temperature 
to the desired temperature.  Multiple runs were conducted in order to ensure consistency 
of the data collected.  
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A.9.5 AFM Patterning 
 An Agilent 5600 LS AFM or Nanoscope Multimode IV (Veeco) equipped with a 
thermal cantilever was utilized in order to achieve chemical patterning.  Patterning was 
done in collaboration with Debin Wang and Keith Carroll.  The thermal cantilever is 
placed in series with a reference resistor (2 kΩ) biased with an applied voltage as shown 
in the text.  Imaging was either conducted using the same thermal cantilever or an NSC-
35NoAl (cantilever C) from MikroMasch.    
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COVERAGE ANALYSIS – DETERMINATION OF CORRECTION 
FACTOR FOR EXPERIMENTAL DATA 
 As discussed in Chapter 3, when conducting XPS analysis, the X-rays penetrate 
far deeper than the actual information depth, and in order to obtain quantitative data, this 
analysis depth (which follows e
-x
) must be taken into account since it causes signal 
attenuation with increasing depth.  Approximately 95 % of the signal in XPS originates 
from within a distance of 3 inelastic mean free paths from the surface (3λ).
1-2
  
Graphically, it is possible to observe that 95 % of the signal intensity originates from 
within a distance of 3λ from the surface as shown in Figure B.1. 
 
 
Figure B.1 Graph showing the probability of detection of an electron in XPS analysis as a 
function of analysis depth in units of inelastic mean free paths (λ). 
 
The inelastic mean free path is the distance an electron can travel in a given medium 
before losing energy.  In order to better understand where this generalization comes from; 




intensity from the substrate, Isubstrate, will decay with increasing depth.  This signal decay 
of detected electrons originating from a depth t in the substrate is expressed as
1
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 Equation B.1 
where           
 is the signal intensity that would be present had no signal decay occurred, 
      
  is then the experimentally detected signal that intrinsically has scattering and 
signal decay, t is the distance from the surface,               is the inelastic mean free path 
at the kinetic energy for the substrate peak of interest (in this case the In 3d line), and 
     is the angle of analysis relative to the surface normal.  If a takeoff angle of 0° is 
used, the expression in Equation B.1 can be simplified to 
         
             




. Equation B.2 
Alternatively, if there is no decay present then this case would be represented as  
          
             
 . Equation B.3 
If both Equation B.2 and Equation B.3 are evaluated over a distance (t) of 0 to 3λ this 
means that 
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           Equation B.6 
and analogously 
          
             
     . Equation B.7 
Equation B.6 shows that, indeed, 95 % of the signal originates from within a distance of 




shown in Equation B.8 for the ratio of an instance where no decay takes place to that 
where experimental decay is observed, thereby removing the effect of signal decay from 
experimental data.   
 
         
 
      
   
          
     
          
          
      Equation B.8 
This ratio of no decay to the case where decay occurs is thus 
  
     
     .  Graphically, 
this is represented in Figure B.2 and can be thought of as the ratio of the area from the 
rectangle 1 × 3λ (where no decay occurs, bounded by the dashed blue rectangle) to the 
area bounded by the exponential decay that experimentally occurs (the area underneath 
the red curve).  Thus, in order to bring experimental data in line with an instance where 
no signal decay occurs, the experimental data must be multiplied by a factor of 3.16.  
This correction factor was subsequently used in 3.7in order to bring experimentally 
determined F/In atomic ratios (which have signal decay) in line with the same atomic 




Figure B.2 Graphical representation for the origin of the correction factor to account for 
signal attenuation in experimental XPS data.  The red curve is the same signal decay 
shown in Figure B.1 and the dotted blue line is the ideal case where no attenuation 
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